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ABSTRACT
The main objective of this dissertation is to study the interfacial properties of
organic contaminants, in particular green leaf volatiles (GLVs), oil hydrocarbons
[mainly intermediate-volatile organic compounds (IVOCs) and semi-volatile organic
compounds (SVOCs)], as well as surfactant species (i.e. DOSS and Span 80) from
Corexit dispersants at atmospheric air/water and air/seawater interfaces. All these
compounds can significantly contribute to the formation of secondary organic
aerosols (SOAs). Furthermore, our simulation work on IVOCs, SVOCs and Corexit
surfactants, combining with experiments from the Valsaraj group, suggests that these
compounds can be adsorbed on the surface of seawater droplets and aerosolized into
the atmosphere. These results suggest that sea-spray aerosols are a significant
transport pathway for oil spill matter into the atmosphere, which has not been studied
in detail until our studies.
Classical molecular dynamics (MD) simulations along with experimental
research were conducted to investigate the characteristics of those organic compounds
at water and seawater interfaces with air. Our free energy results through potential of
mean force (PMF) calculation show good agreement with experimental results of the
1-octanol/water partition coefficients for the four GLVs we studied (i.e.
2-methyl-3-buten-2-ol, methyl salicylate, cis-3-hexen-1-ol and cis-3-hexenylacetate).
Furthermore, our PMF results indicate that these GLVs have deep free energy minima
at the air/water interfaces, which implies that these compounds have a thermodynamic
preference to remain at the air/water interfaces. Likewise, previous studies also
x

suggest that common atmospheric oxidants also prefer to remain at the surface of
water droplets. Overall, these results suggest that the air/water interface is the most
likely reaction site for GLVs and other atmospheric oxidants.
The interactions between n-alkanes from oil and Corexit surfactants near
air/seawater interfaces were also studied. PMF calculations show that the n-alkanes,
Span 80 and DOSS exhibit strong preferences to stay at the air/seawater interfaces.
Our results suggest that n-alkanes have deeper free energy minima when Span 80 is
present at the interface, as compared to when DOSS or no surfactants are present.
Therefore, these species are likely to be ejected to the atmosphere adsorbed on the
surface of seawater droplets, which form in significant quantities in the sea surface.

xi

CHAPTER 1

INTRODUCTION

The kinetics of organics varies significantly when presenting at the interfaces comparing
to bulk water. The main objective of this dissertation is to study the interfacial properties of
organic contaminants, in particular green leaf volatiles (GLVs), oil hydrocarbons [mainly
intermediate-volatile organic compounds (IVOCs) and semi-volatile organic compounds
(SVOCs)], as well as surfactant species from Corexit dispersants at atmospheric air/water and
air/seawater interfaces. Molecular simulation tools were used for this purpose. This research
is directly relevant to the environment, specifically to the topic of secondary organic aerosols
(SOAs).
Atmospheric aerosols play an important role in air quality, public health and the climate,
however much remains to be understood about the processes that contribute to their
formation and composition.[1-4] Organic compounds are of particular interest as they
account for a substantial percentage of atmospheric particulate matter (PM).[4-13] A major
fraction of organic aerosols are secondary (i.e., are formed from chemical reactions in the
atmosphere), and remain poorly understood.[8, 9] Many of these chemical reactions involve
different organic compounds and atmospheric oxidants (reactive oxygen species, ROSs, e.g.
ozone, OH, HO2, H2O2 and other radicals). In the smog-fog-smog cycle that takes place in
the lower atmosphere, fog arises from the condensation of water on sub-micron atmospheric
particles. These fog droplets can uptake organics from different sources (car emissions, plants,
etc.), which then react with atmospheric oxidants (ROSs), yielding reaction products that
might evaporate (if they are volatile) or condense to form more particulate matter (SOAs).
Therefore, many research efforts have concentrated on collecting fog waters and
1

characterizing their organic fraction,[2, 3, 7, 8, 14] but these measurements can be
complicated as nearly 40% of water-soluble organic carbon (WSOC) is typically
unidentified.[15, 16] Factors such as source, altitude and latitude of where the samples were
taken also influence these measurements.[15-20]
It has been established that plants and bacteria are a major source of production of these
water-soluble organic compounds (these are called biogenic volatile organic carbon, to
distinguish from anthropogenic and soil-derived). Of this biogenic volatile organic carbon,
two types of compounds, isoprene and monoterpenes have been widely studied in the past
and are known to generate SOAs.[21-27] Green leaf volatiles (GLVs) represent a significant
fraction of biogenic volatile organic carbon, and a potentially significant source of secondary
organic aerosols that has not been studied in too much detail experimentally. GLVs were one
type of organic molecules studied in detail in this dissertation; more background about this
type of compounds is presented in Section 1.1.
The aerosolization of oil spill matter, such as that released during the 2010 Deepwater
Horizon (DWH) oil spill, could also be a major source of SOAs in the proximity of the spill.
About 4.9 million barrels of crude oil were released into the Gulf of Mexico during the DWH
accident, the largest marine oil spill in the history of the US.[28, 29] As part of the response,
about 1.8 million gallons of dispersants (Corexit 9500A and 9527A) were used to disperse the
oil spilled both undersea and on the sea surface.[30, 31] Therefore, in this dissertation we also
focused on volatile organic compounds (VOCs), intermediate-volatile organic compounds
(IVOCs) and semi-volatile organic compounds (SVOCs) from oil, as well as on surfactant
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molecules from the Corexit dispersants. More background on these studies is given in Section
1.2.
1.1. Green Leaf Volatiles on Atmospheric Air/Water Interfaces
Many organic precursors that react and form the WSOC in fog and aerosols are biogenic
(i.e., plant- or bacterial/microbial-derived).[21-26, 32] Among the biogenic volatile organic
compounds (BVOCs) are the green leaf volatiles (GLVs),[6, 33-35] a family of oxygenated
hydrocarbons emitted in large quantities by plants under stress conditions (e.g. grass cutting,
grazing of animals and other mechanical damages, as well as local weather changes such as
freezing

spells).[36-40]

Typical

compounds

in

this

class

(Figure

1.1)

include

2-methyl-3-buten-2-ol (MBO), methyl salicylate (MeSA), cis-3-hexen-1-ol (HxO) and
cis-3-hexenylacetate (HxAc).

Figure 1.1 Molecular structures of (a) 2-methyl-3-buten-2-ol (MBO), (b) methyl salicylate
(MeSA), (c) cis-3-hexen-1-ol (HxO), and (d) cis-3-hexenylacetate (HxAc).
Molecular simulations are uniquely positioned to complement experimental efforts in
this area, as it is complicated to gain a complete picture of these interfacial systems from
3

experiments alone. The multiple questions that typically arise when interpreting experimental
results could be answered by combining the experimental findings with the atomic- and
molecular-level details that can be provided by computer simulations. Our previous
molecular simulation studies [41, 42] have shown that the GLVs MBO and MeSA, as well as
oxygenated radicals such as OH, are thermodynamically favored to remain at the air/water
interface. Such a result suggests that chemical reactions among these species are more likely
to occur at this interface, rather than in the bulk of atmospheric water droplets or in the gas
phase. This finding has implications in the kinetics of the reactions between organics and
atmospheric oxidants, which are known to vary significantly depending on the reaction
environment.[2, 18] In the present study, we investigated the properties of two other GLVs,
HxO and HxAc, near atmospheric air/water interfaces, and compared with results from our
previous studies with MBO and MeSA.[41, 42] HxO and HxAc have been identified as
prevalent emissions from 29 agricultural and natural plant species,[43, 44] are known to be
highly reactive towards OH radicals and ozone,[45] and have short tropospheric lifetimes
(on the order of a few hours).[34, 37, 46] The leaf alcohol HxO is an important SOA
precursor due to the high reactivity of its primary oxidation product, 3-hydroxypropanal,
which can hydrate and undergo further reactions with other aldehydes, resulting in SOAs
with oligomers of higher molecular weight. In contrast, the ozonolysis of HxAc produces
mainly smaller SOAs, which accounts for the acetate functionality that inhibits oligomer
formation in the particle phase.[10, 34] One issue discussed in our previous studies with
GLVs [41, 42] is the lack of experimental data for these compounds and their oxidation
products. In particular, reliable experimental values of physicochemical parameters such as
4

Henry’s law constants and 1-octanol/water partition coefficients are needed to ensure that the
combination of molecular models for the different species (GLVs, water) can reproduce the
physics that are important for these systems. Following our previous studies,[41, 42] in
Chapter 2 we determined experimental values of the 1-octanol/water partition coefficients for
both HxO and HxAc, which were used to validate our molecular models. We also determined
experimental values of the surface tensions of the GLVs MBO, MeSA, HxO and HxAc at the
atmospheric air/water interfaces, which were then used to estimate surface concentrations of
these GLV solutes; these surface concentrations were compared against the trends determined
from our simulations. The validated molecular models were then used in simulations to
provide molecular-level information that is difficult (or even impossible) to determine from
experiments. In particular, we determined the free energy associated with moving a molecule
of HxO or HxAC between the gas phase and the bulk water phase, and compared those to the
results obtained for MBO and MeSA in previous studies;[41, 42] we then used these
calculations to obtain insights of the molecular-level interactions between the GLVs and the
water molecules in these systems. We also conducted classical molecular dynamics (MD)
simulations to explore some of the interfacial properties of these systems.
1.2. Oil Alkanes and Dispersants in Atmospheric Air/Seawater Interfaces
About 4.9 million barrels of crude oil were released into the Gulf of Mexico during the
2010 Deepwater Horizon (DWH) accident, the largest marine oil spill in the history of the
US.[28, 29] As part of the response, about 1.8 million gallons of dispersants (Corexit 9500A
and 9527A) were used to disperse the oil spilled both undersea and on the sea surface.[30, 31]
Application of dispersants reduces the oil-seawater interfacial tension, allowing the oil to
5

break up into small droplets (diameter < 70 µm). Such a process facilitates the dissolution of
oil in the water column, as well as the degradation of the oil by marine bacteria.[47-49]
Corexit 9500A is a mixture consisting of ionic (35 wt%), nonionic (48 wt%) surfactants and
solvents,[49, 50] in which, the major ionic surfactant is sodium dioctyl sulfosuccinate (DOSS,
also known as Aerosol-OT).[51] The major nonionic surfactants include polyoxyethylene
sorbitan mono- and tri-oleate (Tween 80 and Tween 85) and sorbitan monooleate (Span
80).[49] The main difference between Corexit 9500A and 9527A is that in the latter the
solvent 2-butoxyethanol is present, however this compound has raised toxicity concerns.[52]
The effectiveness of DOSS as well as the nonionic surfactants Tween 80 and Span 80 in the
dispersion of oil was quantified in a recent experimental study.[53]
As the effects of Corexit dispersants in the marine ecosystem are not clear, the
environmental fate of the surfactants in Corexit has been subject of intensive research.[54-57]
Several studies focused on documenting the presence of components of Corexit in water[31,
58, 59] and sediments[60-62] from the Gulf of Mexico. Other studies focused on processes
affecting the environmental fate of DOSS,[53, 60, 63-66] which has low volatility and rapidly
dissolves in water, and thus could remain in the marine environment for a long time. In
contrast, only a few studies concentrated on understanding the transport of oil spill matter to
the atmosphere, and the possible impacts.[67-72] Evaporation of volatile and intermediate
volatile organic compounds (VOCs and IVOCs, i.e., species having < 16 carbon atoms) from
oil occurs in a period ranging from a few hours to a few days, once they reach the sea
surface;[67] therefore, evaporation of these compounds is an important pathway for the
transport of oil spill matter into the atmosphere. In Chapter 3, we demonstrated that the
6

aerosolization of heavier IVOCs and semi-volatile organic compounds (SVOCs, i.e.,
compounds having > 16 carbon atoms) is also another important transport mechanism of oil
spill matter into the atmosphere. Our results from laboratory experiments using a bubble
column reactor, and from classical molecular dynamics (MD) simulations[73, 74] suggest
that heavier IVOCs and SVOCs, as well as Corexit components with limited volatility, can be
carried into the atmosphere by being adsorbed on the surface of water droplets and sea sprays,
which are generated by sea surface phenomena such as bubble bursting and whitecaps. These
sea surface phenomena represent a major source of production of particulate matter flowing
into the atmosphere.[14, 75-79] Despite of these findings, this is the first study that uses
molecular simulation predicting the behaviors of heavy oil alkanes at atmospheric
air/seawater interfaces by probing their thermodynamic characteristics.
In Chapter 4, we reported experimental measurements using an aerosolization reactor, as
well as classical MD simulations, with the objective of determining the individual effects of
two of the main components of Corexit, namely DOSS and Span 80, on the aerosolization of
oil spill matter to the atmosphere. We note that in our previous simulation paper,[74] we
considered several model surfactants that aimed at representing the tail of the nonionic
surfactants found in Corexit dispersants; furthermore, the ionic surfactant DOSS was not
considered in our previous study.[74] Here we used realistic united atom models for DOSS
and Span 80, and for the linear oil alkanes n-pentadecane (C15) and n-triacontane (C30).
These n-alkanes are representatives of heavier IVOCs and SVOCs found in Louisiana sweet
crude oil. For simplicity, we did not consider the nonionic surfactants Tween 80 and Tween
85 present in Corexit dispersant. With our combined experimental-simulation study, we aim
7

at fundamentally understanding the properties of oil alkanes and surfactants at the
air/seawater interface, which is relevant to the possible ejection of oil spill matter into the
atmosphere through sea sprays and water droplets. Here we also note that only a few
simulation studies have focused on studying the properties of oil and surfactants at the
air/water interface.[50, 74]
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CHAPTER 2 A COMBINED EXPERIMENTAL/MOLECULAR SIMULATION
STUDY OF GREEN LEAF VOLATILES ON ATMOSPHERIC AIR/WATER
INTERFACES
Contents of this chapter have been published (Liyana-Arachchi, Thilanga P.,* Zenghui
Zhang,* Harsha Vempati, Amie K. Hansel, Christopher Stevens, Andrew T. Pham, Franz S.
Ehrenhauser, Kalliat T. Valsaraj, and Francisco R. Hung. "Green Leaf Volatiles on
Atmospheric Air/Water Interfaces: A Combined Experimental and Molecular Simulation
Study." Journal of Chemical & Engineering Data 59, no. 10 (2014): 3025-3035). In this
chapter, we studied the properties of four GLVs, 2-methyl-3-buten-2-ol (MBO), methyl
salicylate (MeSA), cis-3-hexen-1-ol (HxO), and cis-3-hexenylacetate (HxAc) in air/water
systems at 298 K using a combination of experiments and molecular simulations. The main
objective is to using MD simulation to probe the thermodynamic properties of GLV
molecules with experimental validated models. Such a finding has important implications in
the kinetics and mechanisms of these reactions, which can be significantly different from
those observed when these reactions take place in gas phase or in the bulk of water phases.
The rest of this chapter is structured as follows. Section 2.1 includes details of our
experimental and computational methods; Section 2.2 shows results and discussions; and
Section 2.3 we present our concluding remarks.
2.1. Methods
2.1.1. Experimental determination of the 1-octanol/water partition coefficient
The 1-octanol/water partition coefficient of HxO and HxAc were determined using the
shake-flask method according to OECD guideline 107;[80] such a procedure was also used in

*

Equal contribution
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our previous studies[41, 42] to determine the 1-octanol/water partition coefficient of MBO
and MeSA. Water (Burdick and Jackson LC-MS grade, Honeywell, Muskegan, MI, USA),
and HxO (>98%), HxAc (natural), MeSa (≥99%), MBO (≥98%) and 1-octanol (analytical
grade) from Sigma-Aldrich (Milwaukee, WI, USA), were used as received with no further
purification.
2.1.2. Experimental determination of surface tension and surface concentration
Aqueous solutions of each GLV were prepared using water (Burdick and Jackson LC-MS
grade, Honeywell, Muskegan, MI, USA) and the appropriate GLV. The bulk concentration of
the GLVs was determined via high performance liquid chromatography (HPLC) analysis
using an Agilent 1100 HPLC-UV/DAD. GLV bulk concentrations in the aqueous solutions
ranged from 0 to 11.6 mmol·L-1 with aqueous solubility being a limiting factor. A Kruss K14
Tensiometer (Kruess GmbH, Hamburg, Germany) was used for the surface tension
measurements, utilizing 45 mL of each solution placed in a 7 cm Petri dish inside the
tensiometer held at 25°C.
The measured surface tensions σ and the bulk concentrations of the GLVs were used to
calculate the surface concentrations of the GLVs, based on the slope of a linear plot of σ vs.
( ), according to Equation (1):

Γ C2 = −
where

σC −σC
2

1

RT ln ( C2 C1 )

(1)

is the surface concentration values of GLV at bulk concentration C2,

and

refer to the surface tensions at concentration of C2 and C1 respectively, R is the universal
gas constant, and T is the absolute temperature in Kelvin.[81] In Table 2.1 we present the
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measured bulk GLV concentrations and surface tensions, and the calculated surface
concentration of each GLV solution.
Table 2.1 Measured GLV bulk concentration and surface tension of each solution, and
calculated surface concentration values.

GLV

HxAc

HxO

MeSA

MBO

Bulk
Concentration
(mmol/kg H2O)
0.0
0.6 ± 0.0011
1.5 ± 0.0011
1.9 ± 0.0011
0.0
1.0 ± 0.018
3.0 ± 0.025
5.0 ± 0.018
6.0 ± 0.025
0.0
1.0 ± 0.0063
2.1 ± 0.0063
3.1 ± 0.0063
5.3 ± 0.0063
0.0
1.0 ± 0.054
3.0 ± 0.075
5.2 ± 0.042
8.8 ± 0.051

Surface
Tension
(mN·m-1)
70.2 ± 0.3
66.8 ± 0.2
62.3 ± 0.2
58.7 ± 0.4
71.5 ± 0.1
69.5 ± 0.1
65.2 ± 0.6
63.5 ± 0.2
61.5 ± 0.1
71.0 ± 0.2
70.8 ± 0.1
70.1 ± 0.1
68.9 ± 0.2
65.2 ± 0.4
70.8 ± 0.3
70.6 ± 0.2
69.7 ± 0.1
69.5 ± 0.1
67.7 ± 0.1

Surface
Concentration
× 107 (mol·m-2)
21.5
69.4
15.2
14.0
48.2
4.06
13.3
28.6
3.37
1.23
14.2

2.1.3. Computational models and methods
Following our previous studies on MBO and MeSA on air/water interfaces,[41, 42] we
used the SPC/E model[82] for water and the OPLS-AA force field[83] for all the GLVs and
1-octanol. In order to ensure that our models can accurately reproduce the physics relevant
for these systems, we used thermodynamic integration (TI) calculations[41, 42, 84-86] to
determine the free energy of hydration (∆Ghydration) of HxO and HxAc in water phase, as well
as the free energy of solvation (∆Gsolvation) of these GLVs in a water-saturated 1-octanol
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phase.[87, 88] These two values were then used to calculate the simulated 1-octanol/water
partition coefficients for HxO and HxAc:[89]

log ( K OW ) =

∆Ghydration − ∆Gsolvation
2.303RT

(2)

The rest of the details of this procedure are the same as described in detail in our
previous papers and described briefly here.[41, 42] The target GLV molecule was first
modeled under vacuum conditions by switching off all the interactions with the solvent
molecules (water or wet octanol). These interactions were then gradually turned on by
coupling a parameter

to the Hamiltonian H, where

ranges from 0 (initial state, under

vacuum) to 1 (final state, fully hydrated/solvated) with a step of ∆λ = 0.05, which leads to 21
intermediate states with equally spaced values of

. The simulations were conducted in the

NPT ensemble (P = 1 atm and T = 298 K) for a total of at least 2.5 ns, of which at least the
last 2 ns were used to calculate the averages. ∆Ghydration and ∆Gsolvation were determined by
numerically integrating

∂H ∂λ

over the 21 simulations, and Equation (2) was used to

finally obtain the simulated log(KOW). The Parrinello-Rahman barostat was used to couple the
pressure in these calculations, and the temperature was coupled using the velocity-rescaling
algorithm of Bussi and Parrinello et al.[90, 91] According to our calculations (see later in
Section 2.2.1), using the original OPLS-AA parameters for HxO and HxAc led to values of
log(KOW) that are significantly larger than those measured in our experiments. Therefore, we
used the same strategy described in previous studies[41, 42, 92-95] and increased the values
of the atomic charges taken from the OPLS-AA force field by 10% (see Table B.1 and B.2 in
Appendix B: Supporting Information for Chapter 2). We need to keep in mind that the
non-bonded parameters (including atomic charges) from OPLS-AA were obtained from
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thermodynamic and structural properties of a number of pure organic liquids, and that,
rigorously speaking, OPLS-AA is not a transferable force field. Furthermore, effects such as
polarization might arise when the GLV molecules are hydrated (in water) or solvated (in wet
1-octanol). Increasing the atomic charges by 10% attempts to indirectly address those issues.
This new set of charges produced values of log(KOW) for HxO and HxAc that were in better
agreement with experimental values. The adjusted OPLS-AA parameters for HxO and HxAc
were then used to conduct potential of mean force (PMF) calculations and classical
(unconstraint) molecular dynamics simulations of these GLVs at the air/water interfaces at
298 K. The simulation setup was the same used in our previous studies,[41, 42] where we
created two air/water interfaces by placing a slab containing all the SPC/E water molecules in
the center of an elongated orthorhombic simulation box with periodical boundary conditions
in three directions. In our PMF calculations, we determined the free energy associated with
moving one GLV molecule (HxO or HxAc) between the gas phase and the water slab. An
orthorhombic simulation box of dimensions 4 nm × 4 nm × 30 nm containing 2197 SPC/E
water molecules was used for these calculations. All of the simulations in our PMF
calculations were run for at least 40 ns using the constraint force method (where the
z-distance between the center of mass of the GLV solute and the center of mass of the water
slab was constrained); the rest of the details are exactly the same as described in our previous
papers.[41, 42] Classical MD simulations were also performed using a simulation box of
dimensions 8 nm × 8 nm × 30 nm, containing 17131 SPC/E water molecules and up to 2
molecules of GLVs (HxO or HxAc), in order to accurately determine density profiles, radial
distribution functions and surface tensions. The rest of the details are exactly the same as
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described in our previous work and briefly described here.[41, 42, 92, 96-98] For each
simulated system, the initial configurations were relaxed first using the steepest descent
energy minimization method. A time step of 1 fs was used and we collected data every 10 ps.
LINCS algorithm was used to constrained bond lengths,[99] and the velocity-rescaling
algorithm of Bussi and Parrinello et al. was used for temperature coupling.[90, 91]
Lennard-Jones cutoff distance was set as 0.9 nm. We used the particle-mesh Ewald (PME)
method[100] in 3D with cubic interpolation, a cutoff of 0.9 nm, and a grid spacing of 0.12 nm
to account for long-range Coulombic interactions. All our molecular simulations were
performed using GROMACS,[101] and VMD[102] was used to generate snapshots of our
simulations results.
2.2. Results and Discussions
2.2.1. Validation of simulation force field parameters: 1-octanol/water partition
coefficients from experiments and simulations
From our experimental measurements, the 1-octanol/water partition coefficients were
found to be log(KOW) = 1.47 ± 0.01 for HxO, and log(KOW) = 2.48 ± 0.02 for HxAc. From our
previous studies, the experimental 1-octanol/water partition coefficients for MBO and MeSA
were log(KOW) = 0.69 ± 0.01, and 2.36 ± 0.03, respectively.[41, 42] In order to validate our
choice of force fields (see §2.1.3), we performed TI calculations to compute the free energies
needed (Eqn. 2) to determine the 1-octanol/water partition coefficient of HxO and HxAc.
From initial simulations using the original OPLS-AA charges for these two molecules, the
simulated free energies were determined to be ∆Ghydration = -12.25 kJ/mol and ∆Gsolvation =
-30.26 kJ/mol for HxO, and ∆Ghydration = -2.41 kJ/mol and ∆Gsolvation = -27.12 kJ/mol for
HxAc. Using these values, the calculated 1-octanol/water partition coefficients were log(KOW)
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= 3.15 ± 0.57 for HxO and log(KOW) = 4.33 ± 0.42 for HxAc, which are well above the
experimental values reported before. Therefore, and following previous work,[41, 42, 93-95]
we increased the original atomic charges of HxO and HxAc by 10%. Using these new
charges (see Table B.1 and B.2 in Appendix B: Supporting Information for Chapter 2) we
repeated the TI calculations, obtaining ∆Ghydration = -23.03 kJ/mol and ∆Gsolvation = -31.58
kJ/mol for HxO, and ∆Ghydration = -5.75 kJ/mol and ∆Gsolvation = -22.56 kJ/mol for HxAc.
These new values yield log(KOW) = 1.49 ± 0.44 for HxO, and log(KOW) = 2.94 ± 0.51 for
HxAc, which are in better agreement with the experimental values reported above. The
uncertainty in our simulated 1-octanol/water partition coefficients are comparable to those
obtained for n-alkanes and ionic liquids using a different simulation technique.[89, 103] From
our previous molecular simulation results,[41, 42] the simulated 1-octanol/water partition
coefficient of MBO is log(KOW) = 0.79 ± 0.20, and log(KOW) = 2.55 ± 0.39 for MeSA. All
these experimental and simulation partition coefficients are summarized in Figure 2.1.

Figure 2.1 Simulated and experimental values of 1-octanol/water partition coefficients
log(KOW) for the GLVs HxO, HxAc, MBO, and MeSA.
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In addition, from reported experimental values of the Henry’s law constant for
MBO,[104] MeSA[105] and HxAc[106] in water, we determined their experimental free
energy of hydration to be ∆Ghydration = -19.5 kJ/mol (MBO), -16.6 kJ/mol (MeSA) and -8.92
kJ/mol (HxAc). These values are reasonably close to the free energies of hydration obtained
from our simulations: ∆Ghydration = -22.8 kJ/mol (MBO),[41] between -20.7 and -29.8 kJ/mol
(MeSA)[42] and -5.75 kJ/mol (HxAc, this work). However, we note that the reported
uncertainties in the experimental values of the Henry’s law constants for MeSA[105] and
HxAc[106] propagate into large uncertainties in the experimental free energy of hydration
(between 3.7 and 11.4 kJ/mol). Overall, the favorable comparison between experiment and
simulation results strongly suggests that our simulation models for MBO, MeSA, HxO and
HxAc, when used in combination with the SPC/E water model, are able to reproduce relevant
physical properties of these species in our interfacial systems.
2.2.2. Potentials of mean force of the GLVs MBO, MeSA, HxO and HxAc in air/water
systems
Our simulation models were used to determine the PMF associated with moving one
molecule of MBO, MeSA, HxO and HxAc between the gas and the bulk water phases, and
through the air/water interface. These results are shown in Figure 2.2a; in these calculations
we followed the study of Hub et al.[85] and assumed the PMF of each GLV solute to be zero
when they are in the bulk water phase. The PMF profiles shown in Figure 2.2a exhibit deep
free energy minima of -13.7 kJ/mol (MBO), -12.6 kJ/mol (MeSA), -14.8 kJ/mol (HxO) and
-20.5 kJ/mol (HxAc) at the air/water interface. The uncertainty in these calculations is less
than 1 kJ/mol. These results indicate that these GLVs have a thermodynamic preference to
remain at the air/water interface, as compared to being in the bulk water phase or in the gas
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phase. These trends are consistent with the interfacial properties of other organic species such
as n-alkanes and polycyclic aromatic hydrocarbons at air/water and air/ice interfaces.[74, 92,
94-98] Furthermore, previous studies have also determined that atmospheric oxidants such as
ROSs also have a thermodynamic preference to stay at the air/water or air/ice interface.[42,
93, 97] All these results strongly suggest that the chemical reactions between GLVs and
ROSs are more likely to take place at the air/water interface, which can have implications in
the kinetics and mechanisms of the reactions, as those can vary significantly depending on
the reaction environment.[2, 18]
The deepest minimum at the air/water interface was observed for HxAc, followed by
HxO, MBO and MeSA (Figure 2.2a). The values of the free energy minima at this interface
depend on the molecular structure of the GLV solutes (Figure 1.1), and affect the partitioning
of these GLVs between the bulk water phase and the air/water interface. The study of Hub et
al.[85] suggests that, for any fixed concentration of different solutes in bulk water (and
assuming these bulk concentrations are low), the concentration of the solutes at the surface of
the water droplets will be proportional to the depth of the PMF minimum at the air/water
interface. Therefore, the PMF results presented in Figure 2.2a suggest that, for a given
concentration of GLV in the bulk water phase, we should observe a larger surface
concentration at the air/water interface for HxAc, followed by HxO, MBO and MeSA. We
determined experimentally the surface tensions in our GLV systems, and used those to
calculate the surface concentration of GLVs at the air/water interface (see Section 2.1.2).
These experimental results are summarized in Table 2.1, and strongly suggest that for a given
concentration of GLV solute in the bulk water phase, the largest surface concentrations are
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observed for HxAc, followed by HxO, MeSA and MBO. The trends for the surface
concentrations as predicted from the PMF calculations are in general agreement with the
trends determined from the experimental surface tensions, with the exception of MeSA and
MBO. However, we note that the difference in the PMF minima observed for MeSA and
MBO at the air/water interface (~1.1 kJ/mol) is very similar to the numerical uncertainty of
our calculations (~1 kJ/mol). We also note that the results from Table 2.1 suggest that among
the GLV solutes, MBO produced the smallest variation in the surface tension in the range of
bulk concentrations studied in our experiments. Variations in the bulk concentration of HxAc,
HxO and MeSA seem to lead to larger changes in the surface tension than for MBO, and
consequently larger variations in the surface concentrations of HxAc, HxO and MeSA are
observed.
In order to further explore the interactions between the GLVs and the water molecules
near the air/water interfaces, we followed previous studies[41, 42, 85, 107] and decomposed
the PMF of the GLVs into their enthalpic and entropic components. The enthalpic component
of the PMF (Figure 2.2b) was determined as the average potential energy of the system in
each of the PMF simulation runs, and the entropic component (Figure 2.2c) was determined
as the difference between the PMF and its enthalpic component for each solute at any given
value of the z coordinate. The enthalpic component of the PMF of all the GLV solutes exhibit
deep free minima at the interface (Figure 2.2b), indicating that the thermodynamic stability of
these solutes at the air/water surface is mainly driven by energy interactions. Moving the
GLV solutes from the gas phase into the interface lead to favorable energy interactions of the
solutes with the water molecules, making the enthalpy to become more negative. These
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Figure 2.2 (a) Total potentials of mean force (PMF) and its (b) enthalpic and (c) entropic
components associated with moving a molecule of the GLVs MeSA, MBO, HxAc and HxO
between the gas phase and the bulk water phase in air/water systems at 298 K. The PMF of
all GLVs in the bulk water phase was arbitrarily assumed to be zero. The dash line represents
the location of the air/water interface (arbitrarily defined as the point where the density of
water in the simulation box reaches 500 kg/m3).
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Figure 2.3 Decomposition of the enthalpic components of the PMF (Figure 2.2b) into (a)
water-water and (b) water-GLV interaction energies at 298 K.
energy interactions outweigh the entropy penalty (Figure 2.2c) associated with moving each
GLV solute from the gas phase into the air/water interface. MeSA has the smallest entropic
penalty when moving from the gas phase to the interface; similarly, MeSA exhibits the
smallest increase in entropy when going from the air/water interface into the bulk water phase
(Figure 2.2c). These observations might be caused by the presence of more oxygenated
groups in MeSA than in the other GLV solutes (Figure 1.1), as well as by the fact that the
aromatic ring in MeSA is less hydrophobic than the carbon chains and methyl groups present
in MBO, HxO and HxAc.
20

To further understand the energetics of the forces driving the GLV solutes into the
air/water interface, we followed previous studies[42, 85, 107] and decomposed the enthalpic
component of the PMF (Figure 2.2b) into the water-water and water-GLV interaction energies
as a function of the z coordinate of the GLV solutes (Figure 2.3a and 2.3b). For each solute,
the curves shown in Figure 2.3a and 2.3b add up to the enthalpic component of the PMF
shown in Figure 2.2b. In general these results indicate that moving the GLV solutes from the
air/water interface into the bulk water phase produces a sharp increase in the water-water
energy (Figure 2.3a). This observation is a consequence of the fact that a GLV solute disrupts
a larger number of water-water hydrogen bonds when it is inside the bulk water phase than
when it is at the air/water surface. On the other hand, all of the GLV solutes are amphiphilic
(Figure 1.1) and can form hydrogen bonds with water molecules; this observation is reflected
in the water-GLV interactions shown in Figure 2.3b, which become more favorable (more
negative) when moving the GLV molecules from the gas phase to the interface and then into
the bulk water phase. Therefore, a GLV molecule in the gas phase can be “dragged” by water
molecules into the air/water interface, as the water-GLV interactions provide a
thermodynamic incentive. However, if the GLV solute moves from the interface to the bulk
water phase, the penalty in the water-water energy (Figure 2.3a) outweighs the reduction in
the water-GLV energy (Figure 2.3b). As a result, water molecules tend to “push” the GLV
solutes from the bulk water phase back into the interface. Therefore, the air/water interface
provides an ideal environment where the GLV solutes can form a significant number of
hydrogen bonds and have important energy interactions with the water molecules, without
disrupting a large number of water-water hydrogen bonds. These trends are similar to those
21

observed for other organic molecules near air/water interfaces.[85] Among the GLV solutes,
MeSA exhibits the largest reduction in magnitude of the water-GLV energy when moving
from the gas phase into the interface (Figure 2.3b), which is consistent with MeSA having
more oxygenated groups than the other GLV solutes (Figure 1.1), as well as by the fact that
the aromatic ring in MeSA is less hydrophobic than the carbon chains and methyl groups
present in MBO, HxO and HxAc. On the other hand, MBO yields the smallest increase in
water-water energy when moving from the interface into the bulk water phase, probably
because its small size causes the smallest disruption in water-water hydrogen bonds as
compared to the other GLV solutes.
2.2.3. Interfacial properties of GLVs in air/water systems
We conducted classical MD simulations having 1 or 2 molecules of GLVs per air/water
interface, which corresponds to surface concentrations ranging between 1.08×10-6 and
2.56×10-6 mol/m2. These simulated surface concentrations are within the range of values
determined experimentally by us from surface tension measurements (between 0.406×10-6
and 4.82×10-6, Table 2.1). Density profiles of the GLV and water molecules as a function of
the z-coordinate (perpendicular to the air/water interface) are shown in Figure 2.4, and
representative snapshots of these MD simulations are presented in Figure 2.5. These systems
contain 2 GLV molecules per air/water interface. The results shown in Figure 2.4 and 2.5
indicate again that the GLVs prefer to stay at the air/water interfaces, which are consistent
with the PMF results shown in Figure 2.2a, and again suggest that chemical reactions
between GLVs and atmospheric oxidants are more likely to take place at the air/water
interface. The small lumps observed in the density profiles of MBO and HxO (Figure 2.4a
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Figure 2.4 Density profiles of water and the GLVs (a) MBO, (b) MeSA, (c) HxO and (d)
HxAc, obtained from classical MD simulations at 298 K. The systems have a dimension of 8
nm × 8 nm × 30 nm and contain 2 GLV molecules per interface. The density profile of
each species is normalized with respect to the maximum value of their local density in the
simulation box.
and 2.4c) suggest that, although these GLVs mainly prefer to remain at the air/water interface,
they do spend an important amount of time lying deeper inside the water slab. In contrast, the
density profiles of MeSA and HxAc do not exhibit any lumps inside the water slab (Figure
2.4b and 2.4d). These observations are consistent with the PMF results shown in Figure 2.2;
we note that the minima for MBO and HxO (Figure 2.2a) are located closer to the water side
of the interface, whereas the minima for MeSA and HxAC seem to be closer to the air side of
the interface. The positions of these minima seem to be driven by the enthalpic interactions.
In the curves for the enthalpic component of the PMF (Figure 2.2b), the minima for MBO
and HxO are again closer to the water side of the interface, whereas for MeSA and HxAc the
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minima are closer to the air side. On the other hand, we note that the results shown in Figure
2.4 were obtained for systems having only two GLV molecules per interface. Improved
statistics can be obtained by considering larger systems with the same surface concentration
of GLVs as in this study (i.e., larger xy areas and a larger number of GLV molecules per
interface).

Figure 2.5 Side views of representative snapshots of water and the GLVs (a) MBO, (b) MeSA,
(c) HxO and (d) HxAc, from classical MD simulations at 298 K. The systems have a
dimension of 8 nm × 8 nm × 30 nm and contain 2 GLV molecules per interface.
The density profiles of the hydrophobic and hydrophilic groups of each GLV are shown
in Figure 2.6, which provide insights of how the GLVs orient at the air/water interfaces. Not
surprisingly, the hydrophilic groups of the GLV solutes tend to remain closer to the water side
of the air/water interface, while the hydrophobic groups orient closer to the gas phase. As
observed by Hub et al.[85] for small organic molecules near air/water interfaces, the
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simulation snapshots and the density profiles shown in Figure 2.5 and 2.6 suggest that the
GLV solutes try to orient at the interface in ways that maximize the dispersion interactions
between their hydrophobic parts and the water molecules.

Figure 2.6 Decomposed density profiles of hydrophilic and hydrophobic groups of the GLVs
(a) MBO, (b) MeSA, (c) HxO and (d) HxAc, obtained from classical MD simulations at 298
K. The systems have a dimension of 8 nm × 8 nm × 30 nm and contain 2 GLV molecules
per interface. The density profile of each species is normalized with respect to the maximum
value of their local density in the simulation box.
Simulated surface tensions (σ) for our systems were calculated using the following
equation:[101]

σ=

Lz  Pxx + Pyy

− Pzz 


2
2

(3)

Where Lz is the box length in the z direction, and Pxx, Pyy and Pzz indicate the diagonal
components of the pressure tensor. In Figure 2.7 we show the interfacial tensions of our
systems containing 1 or 2 GLV molecules per air/water interface.
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Figure 2.7 Simulated surface tensions for air/water systems containing 1 or 2 GLVs per
air/water interface. Results for a system containing no GLVs (only SPC/E water molecules)
are also shown. All systems have a dimension of 8 nm × 8 nm × 30 nm.
These results suggest that the surface tension decreases as the concentrations of the GLV
solutes increase, which is agreement with the trends in the experimental data presented in
Table 2.1. Nevertheless, the simulated values reported in Figure 2.7 depart significantly from
the measured experimental values reported in Table 2.1. These simulated values of surface
tension were obtained using the rescaled set of atomic charges for the GLVs (see Section
2.1.3 and 2.2.1). For completeness, we ran an additional simulation for a system with one
molecule of HxAc per interface using the original atomic charges from OPLS-AA; the
simulated surface tension for this system (σ = 55.0 ± 0.2 mN/m) was statistically similar to
the one obtained using the rescaled atomic charges (σ = 54.9 ± 0.3 mN/m). From Figure 2.7,
we note that our simulated surface tension in the absence of GLVs was found to be 57.9
mN/m, which is comparable to values previously reported for SPC/E water,[108-111] but is
nevertheless still far from the experimental value of the surface tension of water (71.7 mN/m
at 300 K).[110] This discrepancy might be the most important cause behind the lack of
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quantitative agreement between simulation and experimental results for surface tensions in
our systems. We note that simulation parameters such as the LJ cutoff distance and the
inclusion of long-range tail corrections to the surface tension[110] can significantly affect the
computed surface tension from simulations. For comparison purposes, we obtained σ = 57.9
nN/m for SPC/E water (no GLVs) at T = 298 K, using a LJ cutoff distance of 0.9 nm and
excluding any long-range tail corrections to σ. In turn, Vega and de Miguel[110] used a LJ
cutoff distance of 1.3 nm with a switching function between 1.2 and 1.3 nm, and at T = 300 K
they obtained σ = 60.2 – 60.8 mN/m (no tail corrections to σ considered), and σ = 63.5 – 63.7
mN/m when tail corrections are added to σ. This comparison indicates that simulation
parameters such as the LJ cutoff distance and the tail corrections to the surface tension can
affect significantly the computed values of σ. However, the values of σ obtained by Vega and
de Miguel for SPC/E water still depart significantly from the experimental surface tension of
water (71.7 mN/m at 300 K). Vega and de Miguel[110] indicate that the TIP4P/2005 water
model gives σ = 69.1 – 69.5 mN/m when tail corrections are included, which are the closest
to the experimental surface tension of water; the next best models for surface tension are the
SPC/E and TIP4P/Ew water models. In this study we decided to use the SPC/E water model
to be consistent with our previous studies of GLVs in air/water systems;[41, 42] additional
calculations using the TIP4P/2005 water model can be considered for future studies.
2.3. Concluding Remarks
Molecular simulations and experiments were conducted to investigate the properties of
four GLVs, HxO, HxAc, MBO and MeSA, near air/water interfaces at 298 K. To ensure our
choice of models can reproduce relevant physical properties of these systems, thermodynamic
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integration (TI) calculations and experiments were performed to compute the 1-octanol/water
partition coefficients [log(KOW)] for HxO and HxAc. After adjusting the atomic charges, the
simulated log(KOW) of those two GLVs were in good agreement with the measured
experimental values; good agreement between simulation and experiments was also found for
the 1-octanol/water partition coefficients of MBO and MeSA in our previous studies.[41, 42]
Likewise, good agreement was found between the simulated free energy of hydration of
MBO, MeSA and HxAc and the values calculated from experimental values of the Henry’s
law constant of these GLVs in water. Potential of mean force (PMF) calculations indicate that
all these GLVs have deep free energy minima at the air/water interfaces. Classical MD
simulations results further confirm these trends, suggesting that chemical reactions between
GLVs and ROSs are more likely to take place at the surface of water droplets in the lower
atmosphere. Such a finding has important implications in the kinetics and mechanisms of
these reactions, which might be very different from the kinetics and mechanisms of reactions
observed in the gas phase or in the bulk of water phases. The thermodynamic stability of the
GLV solutes at the air/water interface is mainly driven by energy interactions, with the
air/water interface providing an ideal environment where the GLV solutes have important
energy interactions with the water molecules without disrupting a large number of
water-water hydrogen bonds (which would be the case if the GLV solutes would remain
inside the bulk water phase). The values of the free energy minima at the air/water interface
depend on the molecular structure of the GLV solutes, and determine the partitioning of these
GLVs between the bulk water phase and the air/water interface. The trends in surface
concentrations as predicted from the simulated PMF minima are in general agreement with
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the trends observed for the surface concentrations calculated from experimental
measurements of the surface tension.
The lack of experimental data for GLVs and their oxidation products is one important
issue that needs to be addressed to obtain further insights on their relevance to SOAs.
Experimental data can also be used to obtain reliable molecular models for these systems,
which in turn be used to provide molecular-level details to complement experimental efforts
in this area. We also note that in this study we did not explicitly consider chemical reactions
between GLVs and atmospheric oxidants at air/water interfaces. However, many of the
interfacial properties studied here are directly relevant to these reactions. Some of the current
efforts by the Valsaraj group are focused on the equilibrium, kinetics and pathways of the
chemical reactions between several GLVs and atmospheric oxidants in fog, and will be
reported in future manuscripts. From the simulation point of view, electronic structure
calculations such as DFT could in principle be used to study these chemical reactions,
although reaction equilibrium between these species could be explored using classical
molecular simulation techniques such as reactive Monte Carlo.[112, 113]
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CHAPTER 3 MOLECULAR DYNAMICS SIMULATIONS OF OIL ALKANES
AND DISPERSANTS IN ATMOSPHERIC AIR/SALT WATER INTERFACES
Contents of this chapter have been published (Liyana-Arachchi Thilanga P.,* Zenghui
Zhang, * Franz S. Ehrenhauser, Paria Avij, Kalliat T. Valsaraj, and Francisco R. Hung.
"Bubble bursting as an aerosol generation mechanism during an oil spill in the deep-sea
environment: molecular dynamics simulations of oil alkanes and dispersants in atmospheric
air/salt water interfaces." Environmental Science: Processes & Impacts 16, no. 1 (2014):
53-64). In this chapter, we report potential of mean force (PMF) calculation and molecular
dynamics (MD) simulation results of selected linear n-alkanes [i.e. n-pentadecane (C15), nicosane (C20) and n-triacontane (C30)], as well as several surfactant species [i.e, the standard
anionic surfactant sodium dodecyl sulfate (SDS), and three model dispersants similar to the
Tween and Span species present in Corexit 9500A] at air/salt water interfaces. The main
objective of this study is to explore the air/salt water interfacial properties of oil alkanes
under the influence of SDS and model dispersant molecules. The rest of this chapter is
arranged as follows. Section 3.1 contains details of our computational models and methods.
The main results and discussion from this study are presented in Section 3.2, and concluding
remarks are included in Section 3.3.
3.1. Models and Methods
Classical all-atom MD simulations were performed to study the properties of the linear
alkanes n-pentadecane (C15), n-icosane (C20) and n-triacontane (C30), as well as the
standard anionic surfactant SDS and three model dispersant molecules representative of
species found in Corexit 9500A at air/salt water interfaces at 298 K. For simplicity, salt water
*

Equal contribution
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was modeled as a NaCl/water solution. In addition, and because our main focus is on the
properties of the n-alkanes and the surfactants/dispersants, we have modeled water using the
non-polarizable SPC/E model,[82] and for NaCl we used the non-polarizable parameters
from the work of Vácha et al.[114] These NaCl parameters were initially developed using a
polarizable water model; however, the study of Auffinger et al[115] showed that this NaCl
model is also consistent with the SPC/E water model. In future studies we intend to evaluate
similar systems using polarizable force fields for water and the salts, which might be needed
to capture specific ion effects at the interfaces.[116-121] We used the OPLS-all atom force
field[83] to model the n-alkanes C15, C20 and C30. Parameters for the SDS molecules were
taken from the work of Polat et al.,[122] which in turn is based on the OPLS-all atom force
field. Our model dispersant molecules aimed at representing the main characteristics of the
Tween and Span nonionic surfactant species present in Corexit 9500A[109, 123-127] (Figure
3.1a). Because these species are particularly large for all-atom simulations, as a first
approximation we decided to adopt the three simplified model dispersants S1, S2 and S3
shown in Figure 3.1b. Our three model dispersants have molecular architectures common to
the Tween and Span species of Corexit 9500A. The hydrophobic tail in all three model
dispersants is the same, but we slightly varied the length of the polyethylene glycol chain (5
units in S1, and 10 units in S2 and S3). In addition, one of the sides of the S3 molecules is
capped with an OH group, whereas those sides of S1 and S2 are capped with a methyl group
(Figure 3.1b).
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Figure 3.1 (a) Some of the nonionic surfactant species present in Corexit 9500A. (b) Model
dispersant molecules S1, S2 and S3 used in this study.
We used the GROMACS software[101] to perform all our MD simulations in the NVT
ensemble (constant number of molecules, volume and temperature). In our simulations we
considered orthorhombic simulation boxes of dimensions 60 Å × 60 Å × 300 Å (x, y and z
respectively) and periodic boundary conditions were applied in all three directions. We placed
5805 SPC/E water molecules and 63 NaCl ion pairs in the middle of the simulation box,
creating a salt water slab with two air/salt water interfaces. This results in a salt water slab
with salinity comparable to that of sea water. In the present study we performed both
potential of mean force (PMF) calculations and conventional MD simulations. In the former
series of calculations, we determined the free energy profile associated with moving one
molecule of interest (i.e., one molecule of C15, C20 or C30, or one molecule of S1, S2 or S3)
between the liquid and gas phases and across the air/salt water interface. The PMF of S1, S2
and S3 were determined using bare air/salt water interfaces; in contrast, the PMF of C15, C20
and C30 were calculated across air/salt water interfaces that were bare, or coated with either
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SDS or S3. All PMF calculations were run at 298 K for a total of up to 2 ns, from which up to
1.5 ns were used for accumulating averages. Our MD simulations also included bare as well
as SDS- or S3-coated air/salt water systems, which were equilibrated for up to 5 ns and at
least 5 ns were used for accumulating averages. In these MD simulations we considered
varying concentrations of n-alkanes, SDS or S3 molecules. Remaining simulation details are
exactly the same as those used in our previous publications.[14, 41, 128-131]
3.2. Results and Discussions
3.2.1. PMF of alkanes and model dispersants
In Figure 3.2 and 3.3 we show the PMF associated with moving one molecule of
n-alkane (C15, C20 or C30, Figure 3.2) or a single molecule of model dispersant (S1, S2 or
S3, Figure 3.3) between the bulk salt water and the gas phases, across air/salt water interfaces
that are bare at 298 K. In all cases, we arbitrarily assumed that the PMF of a molecule of
n-alkane or model dispersant in the gas phase is equal to zero. The PMF profiles of both the
n-alkanes and model dispersants exhibit deep minima at the air/salt water interface, which
suggests that a single molecule of n-alkane or model dispersant would have a thermodynamic
preference to remain at the air/salt water interface, as compared to being in the salt water
phase or in the gas phase. This is consistent with previous studies, where organic species such
as PAHs[92, 94, 132, 133] and green leaf volatiles[41, 128] also showed a preference to stay
at the air/water interface. The depth of the free energy minimum varies with the chain length
of the n-alkanes (about -13 kJ/mol, -15 kJ/mol and -24 kJ/mol for C15, C20 and C30, Figure
3.2). The PMF sharply increases as the molecule of n-alkane is moved into the bulk of the
salt water phase, displaying increasingly larger positive values of PMF as the chain length
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Figure 3.2 PMF (green lines) associated with moving one molecule of the n-alkanes C15
(top), C20 (center) and C30 (bottom) between the bulk of the salt water and the gas phases,
across a bare air/salt water interface at 298 K. The red lines represent the density profiles of
water, which are normalized with respect to the maximum value of the local density of water
found in the simulation box.
becomes longer. These observations reflect the fact that these n-alkanes are relatively large
hydrophobic molecules with limited solubility in salt water and relatively low volatility. The
PMF minima of the model dispersants at the air/salt water interface (Figure 3.3) exhibit larger
negative values (about -74 kJ/mol and -145 kJ/mol for S1 and S2) as compared to those of the
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n-alkanes (Figure 3.2). Those values suggest that increases in the length of the polyethylene
glycol chain (S1 and S2 have 5 and 10 repeating units, respectively; Figure 3.1) makes a
single molecule of model dispersant to be more likely to remain at the air/salt water interface.
Increases in the length of the polyethylene glycol chain in a molecule of model dispersant
also makes it to exhibit increasingly negative values of free energy when it is in the bulk of
the salt water phase (around -15 kJ/mol for S1 and -101 kJ/mol for S2, Figure 3.3). S2 and S3
have the same free energy in the bulk salt water, but S3 has an even deeper PMF minimum at
the air/salt water interface (around -161 kJ/mol). These observations suggest that the
additional hydroxyl group in the end of S3 does not increase its solubility in the salt water,
but increases its thermodynamic stability at the air/salt water interface. We note that the PMF
results shown in Figure 3.3 are for a single molecule of model dispersants. Our MD
simulation results (see below) also suggest that SDS and the model dispersants spontaneously
move to the air/salt water interfaces. However, we have not considered micellization
processes involving oil, water and dispersants in this study, which has been predicted to be a
key process for organics in sea spray aerosol generated in open ocean condition;[134]
micellization processes and redistribution of ions within sea spray aerosol particles were
observed recently after heterogeneous reactions with nitric acid.[135] In a follow-up study,
we will consider micellization processes involving oil, salt water and both the ionic and
nonionic compounds from the active components in Corexit 9500. We will aim at
determining how micellization processes affect the possible ejection of oil organics and
dispersants from the sea surface into the atmosphere, as well as to fundamentally understand
the interfacial properties of these systems at the molecular level.
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Figure 3.3 PMF (green lines) associated with moving one molecule of the model dispersants
S1 (top), S2 (center) and S3 (bottom) between the bulk of the salt water and the gas phases,
across a bare air/salt water interface at 298 K. The red lines represent the density profiles of
water, which are normalized with respect to the maximum value of the local density of water
found in the simulation box.
In Figure 3.4 we depict the PMF associated with moving a single molecule of the
n-alkanes C15, C20 and C30 between the bulk salt water and gas phases and across air/salt
water interfaces when a standard surfactant (SDS, 32 molecules per air/salt water interface)
or one of our model dispersants (S3, 12 molecules per air/salt water interface) are present in
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Figure 3.4 PMF (green lines) associated with moving one molecule of the n-alkanes C15
(top), C20 (center) and C30 (bottom), between the bulk of the salt water phase and the gas
phase, across air/salt water interfaces coated with SDS (left panel) and model dispersant S3
(right) at 298 K. The red and black lines represent the density profiles of water (W) and SDS
or S3. These density profiles are normalized with respect to the maximum value of the local
density of water, SDS or S3 found in the simulation box.
the system. Although our three model dispersants exhibit qualitatively similar PMF profiles
(Figure 3.3), we have chosen S3 because the Tween and Span species (Figure 3.1) also have
capping OH groups. From Figure 3.4, the minima in the PMF for C15 and C20 are about -26
kJ/mol and -35 kJ/mol at SDS-coated air/salt water interfaces, and about -27 kJ/mol, -36
kJ/mol and -51.0 kJ/mol for C15, C20 and C30 in S3-coated interfaces. In these
surfactant-coated air/salt water interfaces, the minima in the PMF is observed at a value of
the z-coordinate that is within the layer of SDS or S3, indicating that the n-alkanes prefer to
stay dissolved inside the surfactant layer, but closer to the air side of the interface. We also
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Figure 3.5 Density profiles of water, the n-alkanes n-pentadecane (C15, top), n-icosane (C20,
center) n-triacontane (C30, bottom), and the surfactants SDS (left) and model dispersant S3
(right) in air/salt water systems at 298 K. Systems in the left panel contain 16 molecules of
C15 or C20, and 32 molecules of SDS per air/salt water interface; system in the right panel
contain 6 molecules of C15, C20 or C30, and 12 molecules of S3 per air/salt water interface.
Density of water is also shown. The density profile of each species is normalized by dividing
by the maximum value of the local density of each species in the simulation box.
note that the minima observed for C15 and C20 in SDS- and S3-coated interfaces are very
similar in magnitude. As mentioned above, the equivalent PMF minima at bare air/salt water
interfaces (Figure 3.2) are about -13 kJ/mol, -15 kJ/mol and -24 kJ/mol for C15, C20 and C30.
These results indicate that the presence of surfactants in the air/salt water interfaces makes
the n-alkanes to have deeper PMF minima. Overall, the results shown in Figure 3.2 and 3.4
suggest that, from the thermodynamic point of view, n-alkanes have a stronger tendency to
remain at the air/salt water interface as their chain length increases. These observations are
consistent with the previous simulation studies of Wick et al.[133] and
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Vácha et al.,[94] where larger PAHs showed a stronger preference to remain at the air/water
interface. The presence of surfactants makes these n-alkanes exhibit even deeper free energy
minima at the air/salt water interfaces. The concentration of surfactant at the interface also
seems to be an important factor. We ran PMF calculations for the same n-alkanes for systems
with 6 S3 molecules per air/water interface (half the concentration used for the systems in the
right side of Figure 3.4; results not shown for brevity), and the PMF minima observed at the
interfaces were -25 kJ/mol (C15), -27 kJ/mol (C20) and -42 kJ/mol (C30). These values are
in between those reported for the same n-alkanes in systems with bare interfaces (Figure 3.2)
and with 12 S3 molecules per interface (right side of Figure 3.4); therefore the depth of the
free energy minimum for n-alkanes at the air/salt water interface also seems to depend on the
concentration of surfactant at this interface. The results described above are especially
relevant to our working hypothesis stated in this study and in the accompanying experimental
paper: the fact that n-alkanes have a strong thermodynamic preference to remain at the air/salt
water interfaces, especially if these interfaces are coated with surfactants, makes these oil
hydrocarbons and dispersants more likely to be ejected to the atmosphere by sea surface
processes such as those associated with bubble bursting. These simulation results are
consistent with the experimental findings reported in the accompanying paper.[73] In
particular, the deep free energy minima shown by n-alkanes at the air/salt water interface
suggest that it is very likely that these oil hydrocarbons adsorb at the surface of bubbles or
droplets and be ejected to the atmosphere. The fact that experiments indicate that more oil
hydrocarbons are ejected when Corexit 9500A is present in the system is consistent with the
deeper free energy minima observed for the n-alkanes at the air/salt water interface at
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increasing concentrations of SDS or model dispersant S3. Flow patterns in breaking bubbles
also suggest that bursting bubbles can be an important mechanism to carry out material from
the sea surface into the atmosphere.[79]
3.2.2. Structural properties of alkanes and surfactants at the air/salt water interface
In Figure 3.5 we present density profiles of n-alkanes (C15, C20 or C30), surfactant
(SDS or model dispersant S3) and water molecules in air/salt water systems at 298 K, as
obtained from MD simulations. Systems with SDS contain 16 molecules of C15 or C20, and
up to 32 molecules of SDS per air/salt water interface. Similarly, systems with S3 contain 6
molecules of C15, C20 or C30, and up to 12 molecules of S3 per air/salt water interface. We
also performed MD simulations with smaller amounts of SDS and S3; the results are similar
to those shown in Figure 3.5 and are not shown for brevity.
Side and top views of representative simulation snapshots of systems with smaller
concentrations of surfactants are presented in Figure 3.6 and 3.7. These density profiles and
the snapshots indicate again that all n-alkanes prefer to stay at the SDS- or S3-coated air/salt
water interfaces. In the density profiles (Figure 3.5), the peaks of the n-alkanes are closer to
the air side of the interface, while those of SDS or S3 are closer to the water side of the
interface. This behavior is expected, as the hydrophilic part of the surfactants would prefer to
interact with water, and then make their hydrophobic tails to be farther away from water. The
n-alkanes thus lie closer to the air side of the interface, as they prefer to interact with the
hydrophobic tails of the dispersants. Significant overlap in the density profiles of the
n-alkanes and surfactants is observed in Figure 3.5, in agreement with the PMF results shown
in Figure 3.4. Visual inspection of the side views of simulation snapshots of our systems
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Figure 3.6 Side views of representative simulation snapshots of systems withg the n-alkanes
C15 (top), C20 (center) or C30 (bottom), and the surfactants SDS (left) or model S3 (right)
on atmospheric air/salt water interfaces at 298 K. Systems on the left contain 16 molecules of
n-alkane and 16 molecules of SDS; systems on the right contain 6 molecules of n-alkane and
6 molecules of S3. Green = n-alkanes; black = surfactant; red = water (NaCl not shown).
(Figure 3.6) also indicate that the n-alkanes tend to penetrate into the surfactant films at the
air/salt water interface. In Figure 3.8 we computed the C15−C15, C20−C20 and C30-C30
radial distribution functions g(r) for varying concentrations of S3 at the air/salt water
interface, aiming at further investigating the structural properties of the n-alkanes at the bare
and surfactant-coated air/salt water interfaces. Increasing concentrations of S3 lead to
changes in the height of the peaks of g(r) for C15 and C20, but cause negligible variations in
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Figure 3.7 Top views of representative simulation snapshots of systems with the n-alkanes
C15 (top), C20 (center) or C30 (bottom), and the surfactants SDS (left) or model S3 (right)
on atmospheric air/salt water interfaces at 298 K. Systems on the left contain 16 molecules of
n-alkane and 16 molecules of SDS; systems on the right have 6 molecules of n-alkane and 6
molecules of S3. Green = n-alkanes; black = surfactant (water and NaCl not shown).
the g(r) of C30 (Figure 3.8). We also obtained similar g(r) functions for the n-alkanes and the
standard surfactant SDS; these results (not shown for brevity) indicate that increasing
concentrations of SDS lead to reductions in the height of the peaks of g(r) for C15, but does
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not produce significant variations in those of C20. Varying concentrations of S3 or SDS does
not lead to new peaks in the g(r) functions shown in Figure 3.8. These results can be
explained with the help of the concentrations of SDS are able to partially disperse the
aggregates of C15, but cannot break down the C20 aggregates (Figure 3.7, left). In turn,

Figure 3.8 Radial distribution functions g(r) of C15-C15 (top), C20-C20 (center) and
C30-C30 (bottom) molecules at varying concentrations of model S3 dispersant molecules at
air/salt water interfaces at 298 K. Systems contain 6 molecules of n-alkane, and either 0 or 12
molecules of S3 per air/salt water interface.
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increasing amounts of model dispersant S3 can dissolve the C15 and C20 aggregates, but
does not seem able to completely break down the aggregates of C30. The mixtures of
molecules in the Corexit dispersant used in the oil spill[98, 123-127] are larger and more
complex than the SDS and the model S3 molecules used here, and thus exhibit a better
performance in dispersing oil components (which in turn is a more complex systems than the
pure n-alkanes used in this study).
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Figure 3.9 Average angle distributions of C15, C20 and C30 molecules at the air/salt water
interface at 298 K, at two concentrations of model dispersant S3 (0 and 12 S3 molecules per
air/salt water interface). All systems contain 6 molecules of C15, C20 or C30 per air/salt
water interface.
The orientation of the molecules of C15, C20 and C30 at the air/salt water interface was
monitored in our MD simulations. In Figure 3.9 we show the distribution of the angle θ
formed between the vector normal to the interface (z-direction) and the vector joining the
carbon atoms at both ends of the molecule of n-alkane. Therefore a value of cos(θ) = 1
indicates that the carbon chain of the n-alkanes remains perpendicular with respect to the
interface, and a value of cos(θ) = 0 indicates that the carbon chain lies flat at the air/salt water
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interface. From Figure 3.9, it can be observed that the molecules of n-alkane mostly prefer to
lie flat when the air/salt water interface is bare, although more variations in the orientation are
observed for the shorter alkane C15. Addition of S3 at the interface makes the alkanes to
adopt more tilted orientations with respect to the situation when no S3 is present at the
interfaces; these effects are more pronounced in the heavier n-alkanes C20 and C30.
3.3. Concluding Remarks
Classical molecular dynamics (MD) simulations and potential of mean force (PMF)
calculations were performed to investigate the properties of the oil hydrocarbons
n-pentadecane (C15), n-icosane (C20) and n-triacontane (C30), as well as the standard
surfactant sodium dodecyl sulfate (SDS) and three model dispersant molecules representative
of species found in Corexit 9500A, at air/salt water interfaces at 298 K. The work presented
here and in the accompanying paper[73] was motivated by the 2010 Deepwater Horizon
(DWH) oil spill, and we specifically focus on the significant amount of oil that reached the
sea surface despite the large amounts of Corexit dispersant used (which could have also
reached the sea surface). Once the oil/gas/dispersant mixture reaches the surface of the sea,
the volatile organic compounds (VOCs) can evaporate into the atmosphere and undergo
chemical processing to form secondary organic aerosols (SOAs), but aerosolization (i.e., the
non-evaporative ejection of oil spill material into the atmosphere) has been largely neglected
until now. The working hypothesis of the study presented here and in the accompanying
paper[73] is that sea-surface phenomena such as the bursting of whitecaps bubble can eject
intermediate- and semi-volatile organic compounds (IVOCs and SVOCs, namely
hydrocarbons with 16 to 31 carbon atoms) from oil, from the sea surface into the atmosphere.
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Our PMF calculations show that, from the thermodynamic point of view, the n-alkanes C15,
C20 and C30, as well as the three model dispersants S1, S2 and S3 (representative of species
from Corexit 9500A, Figure 3.1) have a strong preference to remain at the air/salt water
interface, as indicated by the presence of deep free energy minima at these interfaces. The
free energy minimum observed for the n-alkanes becomes deeper as their chain length
increases, and as the concentration of SDS or model dispersant S3 at the interface increases.
Classical MD simulations indicate that when no surfactant species are present, the n-alkanes
tend to lie flat and form dense aggregates at the bare air/salt water interfaces. When
surfactants (SDS or model S3) are added, the n-alkanes locate closer to the air side of the
air/salt water interface, adopt more tilted orientations and penetrate into the surfactant films,
which in turn are closer to the water side.
The experimental results presented in the accompanying paper[73] are consistent with
the simulation trends presented here. The fact that the n-alkanes C15, C20 and C30 have a
strong thermodynamic preference to remain at the air/salt water interfaces, especially if these
interfaces are coated with surfactants, makes these oil hydrocarbons and dispersants more
likely to be ejected to the atmosphere by sea surface processes such the mechanical disruption
of wave crests and the bursting of whitecap bubbles. In particular, the deep free energy
minima shown by n-alkanes at the air/salt water interface suggest that it is very likely that
these oil hydrocarbons adsorb to the surface of bubbles and when these burst are transferred
to the resulting droplets which are ejected into the atmosphere. Finally, the fact that
experiments indicate that more oil hydrocarbons are ejected when Corexit 9500A is present in
the system is consistent with the deeper free energy minima observed for the n-alkanes at the
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air/salt water interface at increasing concentrations of SDS or model dispersant S3. Our
combined simulation and experimental results suggest that aerosolization via the bursting of
whitecap bubbles on the sea surface can be an important transport mechanism for the ejection
of oil spill organics into the atmosphere. Further research is needed to accurately estimate the
amounts of DWH oil spill matter aerosolized by sea surface processes, as well as to
determine its environmental consequences in the short and long term. From the molecular
simulation point of view, in this study we only considered Na+ and Cl- as the only ions
present in salt water. Consideration of other cations present in salt water, such as Mg2+ and
Ca2+, will be important. Previous simulation studies suggest that the presence of Mg2+ can
lead to specific ion interactions and ultimately affect the properties of Cl- in air/salt water
interfaces.[120, 136] In addition, Mg2+ and Ca2+ can interact strongly with marine
organics[137] and thus might impact some of the properties calculated in this study.
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CHAPTER 4 INVESTIGATION OF THE INDIVIDUAL EFFECTS OF COREXIT
SURFACTANTS ON OIL ALKANES AT THE AIR/SEAWATER INTERFACE
Building on our results in Chapter 3, in this chapter we report experiments using a
laboratory aerosolization reactor and classical molecular dynamics (MD) simulations, with
the objective of investigating the individual effects of two main surfactant components of
Corexit [the nonionic Span 80 and the ionic dioctyl sodium sulfosuccinate (DOSS)], on the
aerosolization of intermediate- and semi-volatile organic compounds from oil to the
atmosphere. With our combined experimental-simulation study, we aim at fundamentally
understanding the properties of oil alkanes and surfactants at the air/seawater interface, which
is relevant to the possible ejection of oil spill matter into the atmosphere through sea sprays
and water droplets, thus in hope of providing key information on designing next generation
dispersant formulation. The rest of this chapter is structured as follows. Details of our
experimental and computational methods are described in Section 4.1. Section 4.2 presents
our main results and discussions, and concluding remarks are summarized in Section 4.3.
4.1. Methods
4.1.1. Experimental methods
The laboratory aerosolization experiments were performed in a bubble column reactor at
298 K, developed after Smith et al.[138] A complete description of the bubble column reactor
and aerosol generator is provided in our previous paper.[73] The model seawater phase in the
bubble column consisted (for simplicity) of a solution of sodium chloride (3.5% w/w) in
deionized water. Sodium chloride (99.8%) was purchased from Fisher Scientific (Fair Lawn,
NJ, USA). Deionized water was obtained from in-house Millipore Synergy units with an
LC-Pak polisher (EMD Millipore Corp, Billerica, MA).
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Table 4.1 Chemical, physical, and structural characteristics of DOSS and Span 80
Surfactant CAS number

Chemical structure

Molecular Density
weight
3
[g/cm ]
[g/mol]

HLB*

DOSS

577-11-7

444.56

1.1

10.5[139]

Span 80

1338-43-8

428.62

1.004

4.3[140]

The individual Corexit surfactants [the ionic dioctyl sodium sulfosuccinate (DOSS, Table
4.1) and the nonionic sorbitan monooleate (Span 80, Table 4.1)] were thoroughly mixed with
the surrogate oil at a dispersant to oil ratio (DOR) of 1:20 (w/w) at room temperature, and
injected into the aerosolization reactor using a syringe pump in separate experiments. The
surrogate oil was obtained from the BP Gulf Coast Restoration Organization (Houston, TX,
USA). Solid standards (98.1% purity) of DOSS and Span 80 were obtained from Sigma
Aldrich (St. Louis, MO); DOSS samples of similar characteristics were also obtained from
Pfaltz & Bauer (Waterbury, CT). When the reactor reached steady state at an injection rate of
50 µL/min, the effluent of the reactor was collected by two sampling methods as in our
previous study:[73] (1) constant mass-flow air-sampling nozzle, which allows collection of
both vapors and particles; and (2) electrostatic precipitator (ESP), which only allows particle
collection. Duplicate samples from each method were collected over a time period of 15 min.

*

HLB: Hydrophilic-lipophilic balance
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The collected samples from the reactor were then analyzed for alkane contents using gas
chromatography with flame ionization detector (GC-FID), as well as gas chromatography
with

mass

spectrometry

(GC-MS).

The

mean

ejection

rates

of

volatile

and

intermediate-volatile alkanes (C10-C19) were determined by pooling over samples collected
in the nozzle (n = 2). On the other hand, the ejection rates of semi-volatile alkanes (C20-C29)
were calculated by pooling samples collected by both nozzle (n = 2) and ESP (n = 2).
Additional details of our alkane analysis are the same as those provided in our previous
work[73] , and are provided in Supplemental Information. The collected samples were also
analyzed to determine the ejection rates of the Corexit surfactants DOSS and Span 80. Here
samples were diluted 0 to 100 fold, in order to first perform a chromatographic separation of
the surfactant components of Corexit. This procedure was performed on an Agilent 1100
(Agilent Technologies, Inc., Santa Clara, CA) as described by Place et al.,[59] with minor
modifications (see Supporting Information). Afterwards, Span 80 and DOSS were detected
via tandem quadrupole mass spectrometric detection. A Waters Micromass Quattro mass
spectrometer or a Waters Aquity Tandem Quadrupole mass spectrometer (Framingham, MA)
were used, as described by Place et al.,[59] with minor modifications to the mass
spectrometric acquisition of Span 80. This surfactant was detected using multiple reaction
monitoring (MRM) in positive ionization mode; DOSS was detected by MRM in negative
ionization mode. The mean ejection rates of DOSS and Span 80 were calculated by pooling
the ejection rates obtained from the experiments in the bubble column, using nozzle sampling
(n = 3 for DOSS; n = 2 for Span 80) and ESP (n = 2 for both DOSS and Span 80). Pooling of
the data for DOSS and Span 80 is justified because neither surfactant is expected to be in the
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vapor phase (nozzle sampling collects both particulate and vapor phase materials, while ESP
collects only particle materials).

Additionally, the reproducibility of ejection rates for DOSS

and Span 80 regardless of sampling mechanism provides additional confidence that this
assumption is reasonable. Additional specific details of our analytical techniques for detection
of DOSS and Span 80 are provided in the Supporting Information file.
4.1.2. Computational models and methods
Classical MD simulations using united atom models were performed using
GROMACS[101] to investigate systems of oil alkanes and surfactants at the air/seawater
interface at 298 K. The linear alkanes considered were n-pentadecane (C15) and n-triacontane
(C30), and the surfactants studied were DOSS (ionic) and Span 80 (nonionic). As in our
previous work,[74] for simplicity seawater was modeled as a solution of NaCl in water,
where the non-polarizable SPC/E model[82] was used for water and the non-polarizable
parameters of Vácha et al[114] were used to model NaCl. DOSS was represented using the
model proposed by Chowdhary et al.,[141] whereas Span 80 and the linear alkanes C15 and
C30 were represented using the TraPPE-UA force field.[142-146] Partial charges for Span 80
were determined from ab initio calculations at the HF/6-31G* level of theory, followed by a
restrained electrostatic potential charge fitting procedure.[147, 148] Parameters from
GAFF[149] were used to account for all bonded interactions in our simulations.
As in our previous study,[74] we performed all our simulations in the canonical ensemble,
were we used an elongated orthorhombic simulation box (6×6×30 nm3) with a seawater slab
(5805 water molecules and 63 NaCl ion pairs) placed in the center of the box, creating two
air/seawater interfaces. The potential of mean force (PMF) of the surfactants Span 80 and
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DOSS, and of the linear alkanes C15 and C30 were determined in our simulations, by moving
a molecule of these species between the liquid and gas phases, and across the air/seawater
interface. Furthermore, we also determined the PMF profiles of the linear alkanes when the
air/seawater interface was coated with 12 molecules of either Span 80 or DOSS, as well as
the PMF profiles of the surfactants when 16 molecules of either C15 or C30 are at the
air/seawater interface. These molecules of surfactants or alkanes were placed randomly,
ensuring a monolayer-like coverage of the interface. All of the simulations in our PMF
calculations were run for at least 20 ns using the constraint force method. In this method, the
z-distance between the center of mass of the molecule of interest (C15, C30, DOSS or Span
80) and the center of mass of the water slab was constrained, and we monitor the force that
we need to apply to keep the molecule of interest at this constrained z-distance. In addition to
the PMF calculations, we also performed conventional MD simulations of systems of
n-alkanes placed at the air/seawater interfaces containing varying amounts of either Span 80
or DOSS (DOR= 1:20, 1:10 and 1:5 in each interface). The rest of the simulation details are
exactly the same as in our previous study.[74]
4.2. Results and Discussions
4.2.1. Individual effects of DOSS and Span 80 on oil ejection rates from experiments
In Figure 4.1 we show experimental measurements of the ejection rates of oil alkanes
[namely VOCs (C10-C14), IVOCs (C15-C19) and SVOCs (C20-C29)] and surfactants, when
either DOSS or Span 80 are premixed with oil and injected in our lab-scale aerosolization
reactor. The ejection rates are averages over samples collected from the sampling nozzle and
the electrostatic precipitator, with the exception of results for the VOCs (C10-C14) and
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IVOCs, which were only averaged over samples collected from the nozzle. The particulate
matter samples as collected by ESP do not contain the VOCs (C10-C14) from oil, which are
emitted as vapors. Furthermore, the ESP did not allow collection of statistically significant
amounts of IVOCs, as these compounds have significant volatility. The results of alkane
ejection rates (Figure 4.1) show that mixing the ionic surfactant DOSS with the surrogate oil
at a DOR = 1:20, leads to lower ejection rates among all alkane groups considered (VOCs,
IVOCs and SVOCs). For all groups, larger ejection rates are observed when the nonionic
surfactant Span 80 is mixed with oil. For the heavier SVOCs, the difference in ejection rates

Alkanes/ Surfactants ejection rate [µg/min]

1000
Oil+Span 80 (DOR 1:20)
Oil+DOSS (DOR 1:20)
100

10

1

0.1

0.01
C10-C14

C15-C19

C20-C24

C25-C29

Span 80/ DOSS

Figure 4.1 Experimental ejection rates of alkanes and surfactants. Results were determined by
averaging over samples obtained from the sampling nozzle and the electrostatic precipitator
(except for C10-C14 and C15-C19; see text), at an injection rate of 50 µL/min of the mixture
of crude oil with surfactants into the reactor. The left, red bar in each group is the measured
ejection rate for the given species when oil is mixed with Span 80; the right, orange bar
represents the ejection rate of the species when oil is mixed with DOSS. Errors are reported
as a 95 % confidence interval.
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when oil is mixed with Span 80 can be larger than an order of magnitude with respect to the
rates observed when DOSS is mixed with oil.
In Figure 4.1 we also depict the measured ejection rates of Span 80 and DOSS, showing
that the nonionic surfactant is ejected in larger quantities than the ionic DOSS. It has been
shown that DOSS has a higher partitioning rate from crude oil into seawater, as compared to
other Corexit components.[53] In contrast, Span 80, which is the most hydrophobic surfactant
within Corexit, strongly attaches to the oil droplets due to its lower affinity for the aqueous
phase, and partitions very slowly from the oil into seawater phase.[53] In our lab experiments,
most of the oil droplets are carried up by the rising bubbles within the reactor, and thus most
of the oil is ejected into the gas phase adsorbed on the surface of the bursting bubbles.[150]
Visual observations of the reactor during these sets of experiments (Figure 4.2) suggest that
application of pure DOSS allows most of the oil compounds to be dispersed within the water
column, as signaled by the brownish color of the salt water within the reactor.

Figure 4.2 Visual comparison of the effect of Span 80 (Left) and DOSS (Right) with the same
DOR (1:20) in oil injected into the aerosolization reactor.
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Overall, our results suggest that Span 80 enhances the ejection rate of oil alkanes as
compared to DOSS. This enhancement in ejection rate seems to increase with the molecular
weight of the alkanes. Furthermore, Span 80 is ejected in larger quantities than DOSS. Our
previous experimental results also indicate that adding Corexit to the seawater phase
increases the oil ejection rate, as compared to the case where no dispersant is present in the
system.[73]
4.2.2. Potential of mean force (PMF) of surfactants and n-alkanes
Figure 4.3 we show the PMF obtained by moving a molecule of the n-alkanes C15 and
C30 between the seawater and gas phases, and across air/seawater interface that are either
bare or coated with 12 molecules of the Corexit surfactants DOSS or Span 80 at 298 K. In all
PMF results presented in this paper, we arbitrarily assumed the PMF of the molecule of
interest in the gas phase is equal to zero. In all cases the n-alkanes show deep free energy
minima at the interfaces, indicating that they have a thermodynamic preference to remain at
these interfaces regardless of the absence or presence of surfactants coating the interfaces. As
the molecule of n-alkane moves deeper into the seawater phase, the value of PMF increases
to large positive values. C30 exhibits a deeper PMF minimum at the interface than C15 (-10.1
kJ/mol for C15 and -16.8 kJ/mol for C30), as well as a larger PMF value inside the seawater
phase than C15. Coating the air/seawater interface with the ionic surfactant DOSS leads to
deeper PMF minima at the interface (-16.5 kJ/mol for C15 and -27.7 kJ/mol for C30), as
compared to the case of bare interfaces. These numbers represent an increase in the depth of
the free energy minima of 63.4% for C15 and 64.9% for C30, when compared to the case of
bare interfaces. Adding the nonionic surfactant Span 80 leads to even deeper minima for the
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Figure 4.3 Potentials of mean force (PMF) associated with moving one molecule of the
n-alkanes C15 (top) and C30 (bottom) between the gas phase (left) and the seawater phase
(right), and across an air/seawater interface that is either bare (blue solid curve) or coated
with 12 molecules of Span 80 (red dashed curve) or DOSS (green dotted curve), at 298 K.
The PMF of the n-alkanes in the gas phase was arbitrarily assumed to be zero. The grey
dashed line represents the location of the air/seawater interface (arbitrarily defined as the
point where the density of seawater in the simulation box reaches 500 kg/m3)
n-alkanes at the air/seawater interface (-17.7 kJ/mol for C15 and -31.4 kJ/mol for C30; an
increase in the depth of the PMF minima of 75.2% and 86.9% with respect to the case of bare
interfaces). These results suggest that adding Span 80 to the air/seawater interface makes it
more stable thermodynamically for the adsorption of n-alkanes than adding DOSS; in turn,
DOSS makes the interface more stable for n-alkane adsorption when compared to a bare
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air/seawater interface. These results are in agreement with the trends observed in our previous
study,[74] where we considered model surfactant molecules instead of the more realistic
models for Span 80 and DOSS used here.

Figure 4.4 Potentials of mean force (PMF) associated with moving one molecule of the
n-alkanes C15 (top) and C30 (bottom) between the gas phase (left) and the seawater phase
(right), and across an air/seawater interface that is either bare (blue solid curve) or coated
with 12 molecules of Span 80 (red dashed curve) or DOSS (green dotted curve), at 298 K.
The PMF of the n-alkanes in the gas phase was arbitrarily assumed to be zero. The grey
dashed line represents the location of the air/seawater interface (arbitrarily defined as the
point where the density of seawater in the simulation box reaches 500 kg/m3)
In Figure 4.4 we present the PMF associated with moving one molecule of Corexit
surfactant (DOSS or Span 80) between the gas and the seawater phases, and across an
air/seawater interface that is either bare or coated with 16 molecules of the n-alkanes C15 or
C30. In analogy to the PMF plots shown in Figure 4.3 for n-alkanes, the PMF profiles of both
Span 80 and DOSS also exhibit a deep minimum at the bare air/seawater interface (-67.5
kJ/mol for Span 80 and -119 kJ/mol for DOSS). Therefore, thermodynamics indicate that
both surfactants prefer to stay at the air/seawater interface, rather than being in the seawater
or in the gas phases; DOSS has a much deeper minima at the interface than Span 80. As
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expected, the ionic surfactant DOSS has more affinity with seawater than the nonionic Span
80, as indicated by the lower values of PMF observed for DOSS than for Span 80 when these
surfactants are in the seawater phase (the differences observed in the PMF values at the
rightmost side of Figure 4.4, i.e., when the surfactants are in the seawater phase, will be
discussed below). These results are consistent with the hydrophilic-lipophilic balance (HLB)
values of DOSS (10.5) and Span 80 (4.3),[151] indicating that the former is more hydrophilic
and less volatile than the latter.[139, 140, 151] HLB values are important to design mixtures
of surfactants for oil dispersion purposes,[152, 153] as surfactants with HLB ~ 9-13 typically
succeed in dispersing large portions of oil.
When n-alkanes are present in the air/seawater interface (dashed and dotted curves in
Figure 4.4), the PMF minima for both DOSS and Span 80 become shallower (i.e., less
negative). For Span 80, the PMF minima becomes -57.7 kJ/mol and -56.2 kJ/mol when C15
and C30 are at the interfaces, representing a reduction of 14.5% and 16.7% with respect to
the case of bare interfaces. Similarly, for DOSS the observed PMF minima are -98.3 kJ/mol
and -102 kJ/mol when C15 and C30 are at the interfaces (a reduction of 17.5% and 14.5%
with respect to the case of bare interfaces). The results shown in Figure 4.4 suggest that the
presence of n-alkanes in the air/seawater interface makes it thermodynamically less stable for
the adsorption of the Corexit surfactants Span 80 and DOSS. Increasing the size of the
n-alkane from C15 to C30 leads to a slightly shallower PMF minimum for Span 80, but
causes a slightly deeper PMF minimum for DOSS. However, it is important to note that the
results of Figure 4.3 indicate that the presence of surfactants make the interface
thermodynamically much more stable for the adsorption of n-alkanes, with increases in PMF
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depth on the order of 63-87% with respect to the case of a bare interface. On the other hand,
n-alkanes at the interface make it slightly less stable for the adsorption of Corexit surfactants,
with much smaller percent reductions in PMF depth (15-18%) compared to the case of a bare
interface.
How do the PMF profiles shown in Figure 4.3 and Figure 4.4 relate to the experimental
ejection rates shown in Figure 4.1? We first note here that both thermodynamics and transport
phenomena play a role in the ejection rates measured in our experiments. In contrast, our
PMF calculations solely probe the thermodynamics (free energies) involved when (1) a single
molecule of n-alkane (C15 or C30) is dragged between air and seawater phases, and through
an interface that is bare or coated with 12 molecules of DOSS or Span 80 (Figure 4.3); and (2)
a molecule of surfactant (DOSS or Span 80) is dragged through an air/seawater interface that
is bare or coated with 16 molecules of C15 or C30 (Figure 4.4). These PMF results are
summarized in Table 4.2, which contains the values of PMF minima for each system, as well
as the differences between the PMF minima and the PMF values determined when the
molecule of interest is in the seawater phase (rightmost plateau values from Figure 4.3 and
4.4). This last column in Table 4.2 provides a measure of the “thermodynamic incentive” that
a given molecule has to move to the air/seawater interface, as compared to staying dissolved
in the seawater phase.
The results shown in Figure 4.3 and Table 4.2 indicate that adding Span 80 to the
air/seawater interface makes it thermodynamically more stable for the adsorption of
n-alkanes (as signaled by the larger negative values for both PMF minimum and difference
between the PMF minimum and PMF inside seawater), as compared to the situation when
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Table 4.2 Summary of results obtained in potential of mean force (PMF) calculation
System

C15, bare interface
C15, DOSS-coated interface
C15, Span 80-coated interface
C30, bare interface
C30, DOSS-coated interface
C30, Span 80-coated interface
Span 80, bare interface
Span 80, C15-coated interface
Span 80, C30-coated interface
DOSS, bare interface
DOSS, C15-coated interface
DOSS, C30-coated interface

PMF
minimum,
[kJ/mol]
-10.1
-16.5
-17.7
-16.8
-27.7
-31.4
-67.5
-57.7
-56.2
-119
-98.3
-102

[PMF minimum] [PMF value inside seawater
phase], [kJ/mol]
-50.2
-59.4
-60.6
-87.5
-98.4
-102
-60.9
-67.6
-76.7
-57.3
-49.6
-60.3

DOSS is present in the interface, or when no surfactant is present. Therefore,
thermodynamics suggest that the oil alkanes are more likely to be carried out to the
atmosphere adsorbed at the surface of bursting bubbles when pure Span 80 is added, as
compared to when DOSS is added or when no surfactants are present. This observation seems
to agree qualitatively with the experimental findings reported in Figure 4.1, namely that more
oil hydrocarbons are ejected when Span 80 is present in the system than when DOSS is added.
Regarding the surfactants, on the one hand, the results of Figure 4.4 and Table 4.2 suggest
that Span 80 has shallower PMF minima at the air/seawater interface as compared to DOSS.
On the other hand, the differences between PMF minima and PMF inside the seawater phase
in these systems (last column of Table 4.2) suggest that Span 80 has a larger thermodynamic
incentive to move from the seawater phase and into the interface (-61 to -77 kJ/mol), as
compared to DOSS (-50 to -60 kJ/mol). This last observation also seems to agree
qualitatively with the experimental results of Fig. 1, i.e., that Span 80 is ejected in slightly
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larger quantities than DOSS in our bubble column. Nevertheless, again we emphasize that
both thermodynamics and transport processes play roles in the aerosolization of oil spill
matter, while our molecular simulations only probe thermodynamics in these systems.
We also have to mention that the results shown in Figure 4.3 and 4.4 (and Table 4.2)
might be subject to hysteresis effects, similar to those discussed in detail by Huston and
Larson[154] for a model of Tween 80 (another surfactant present in Corexit) in water/oil
systems. In this study, Huston and Larson determined PMFs for several molecules, including
their model Tween 80, using an umbrella sampling method. They discuss that as their model
Tween 80 molecule is in the water phase but close to the interface with oil, there is an energy
barrier between configurations where the tail of the molecule is either ‘retracted’ or ‘extended’
to reach out and touch the oil phase (see Figure S3 in ref. [154]). These ‘retracted’ and
‘extended’ configurations are also present in our PMF simulations, when the n-alkanes or the
surfactants are in the seawater phase but close to the air/seawater interface coated with
surfactants or n-alkanes; the molecules stretch to try to touch the species coating the interface
(see Figure S2, Supporting Info). Huston and Larson[154] argue that such an energy barrier
can lead to hysteresis effects in the PMF. In our systems, these effects impact the accuracy of
the PMF values determined when the molecule of interest is in the seawater phase (see, e.g.,
the differences in PMF values in the rightmost side of Figure 4.4), as well as the accuracy of
the values reported in the last column of Table 4.2. For molecules simpler than Tween 80,
Huston and Larson[154] could run 2D-biased umbrella sampling simulations to overcome
hysteresis effects, but for their model Tween 80 molecule they argued that running these
simulations were too expensive computationally. Similarly, in our study we did not attempt to
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overcome these hysteresis effects (our PMF simulations are already computationally very
expensive). Therefore, we could argue that the PMF results shown in Figure 4.3 and 4.4, and
Table 4.2, have much larger error bars than PMF calculations performed by us in the past for
much smaller molecules.[42, 155, 156] The largest error bars in our PMF results are on the
order of 20 kJ/mol (corresponding to the discrepancies observed in the PMF values at the
rightmost side of Figure 4.4, when the surfactant molecules are in the seawater phase but
close to the n-alkanes at the interface). However, we emphasize that these large error bars do
not affect the trends observed in our results and discussed here, and thus our conclusions still
hold.
4.2.3. Structural properties of alkanes and dispersants at the air/seawater interface
In Figure 4.5 we depict the density profiles of n-alkanes (C15 or C30), surfactants
(DOSS or Span 80) and water molecules in air/seawater systems at 298 K, as obtained from
conventional MD simulations. In this figure, the local densities of the surfactants were
separated into contributions from the head and tail groups. For Span 80, we considered the
five-membered ring and the ester group (Table 4.1) as part of the head group, and the carbon
chain as the tail group. For DOSS, we considered the sulfonate moiety as the head group, and
the two hydrocarbon chains connected to the sulfonate head group as the tail group. All
systems contained 40 molecules of C15 or C30, and 2 molecules of DOSS or Span 80 per
air/seawater interface, giving an overall DOR = 1:20, which is the same value used in our
experiments, as well as during response operations of the DWH oil spill. However, as we
discussed before,[97, 156] this value of overall DOR (which could be considered as a
measure of overall concentrations of oil and dispersant) can be significantly different from
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the surface, or local value of DOR, which is more difficult to determine from experiments
and in the field. A given system can have a macroscopic, overall DOR = 1:20, but the
surface/local/molecular value of DOR could be much larger. Side view snapshots of systems
containing surfactants and n-alkanes at the air/seawater interfaces are shown in Figure 4.6.
MD simulations with different overall values of DOR (1:10 and 1:5) were also performed; the
results are similar as those reported in Figure 4.5 and 4.6, and are not shown for brevity. Both
the density profiles and the snapshots indicate again that all n-alkanes prefer to stay at the
air/seawater interfaces coated by either Span 80 or DOSS, as suggested by the PMF results
discussed in Section 4.2.2. The density profiles indicate that the n-alkanes tend to remain at
the air side of the interface, while the surfactants prefer to stay between the n-alkanes and the
seawater side of the interface. Not surprisingly, the head groups of Span 80 and DOSS tend

Figure 4.5 Density profiles of water, the n-alkanes C15 (left column) and C30 (right column),
and the head and tail groups of the Corexit surfactants Span 80 (top row) and DOSS (bottom
row), from conventional molecular dynamics simulations of air/seawater systems at 298 K.
All systems contain 40 molecules of C15 or C30 and 2 molecules of Span 80 or DOSS per
air/seawater interface, giving a DOR = 1:20. The density profile of each species is normalized
by dividing by the maximum value of the local density of each species in the simulation box.
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Figure 4.6 Side view of representative snapshots from molecular dynamics simulations of oil
n-alkanes and surfactants in air/seawater systems at 298 K. All systems contain 40 molecules
of C15 (left column) or C30 (right column), and 2 molecules of Span 80 (top row) or DOSS
(bottom row) per air/seawater interface, giving a DOR = 1:20. Black = C15 or C30; red =
seawater; cyan = head group of surfactant molecules; yellow = tail group of surfactant
molecules.
to remain closer to the seawater side of the interface, while the tail groups overlap with the
n-alkanes. These observations are consistent with the snapshots shown in Figure 4.6.
In our simulations we monitored the orientation of the surfactant molecules DOSS and
Span 80 at the air/seawater interface, as given by the angle θ. In DOSS (Figure 4.7) this angle
is formed between the vector normal to the interface (z- direction) and the plane defined by
the two carbon atoms at both ends of the tail, and by the carbon atom connected to the
sulfonate group (Table 4.1). In Span 80 (Figure 4.7), the angle θ is formed between the vector
normal to the interface (z-direction), and the vector that joins the end carbon atom on the tail
with the carbon atom connecting the five-membered ring with the linear carbon chain (Table
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Figure 4.7 Definition of the angular parameters θ used to describe the molecular orientation
of the molecules of the surfactants DOSS (left) and Span 80 (right) with respect to the
air/seawater interface. Blue = water; black = C15; yellow = surfactants DOSS or Span 80.
The read beads in the surfactant molecules represent the atoms used to define the angle θ.
Table 4.1). A value of cos(θ) = 1 indicates that the surfactant molecule aligns parallel to the
z-axis and thus is perpendicular to the air/seawater interface (see insets in Figure 4.8),
whereas a value of cos(θ) = 0 means that the surfactant molecule aligns perpendicular to the
z-axis and lies parallel to the air/seawater interface (insets, Figure 4.8). The probability
distributions of cos(θ) for DOSS and Span 80 at DOR = 1:20 and 1:5, in the presence of
either C15 or C30, are shown in Figure 4.8. At DOR = 1:5 both surfactants tend to
predominantly align parallel to the interface, although both surfactants exhibit a wide
distribution of orientations. However at DOR = 1:20, DOSS aligns mostly perpendicular to
the air/seawater interface, whereas the distribution of orientations of Span 80 becomes wider
than that observed for the same surfactant at DOR = 1:5. Varying the chain length of the
n-alkane seems to have little influence on the orientation of DOSS and Span 80, although at a
DOR = 1:20, DOSS seems to have a wider distribution of orientations in the presence of C30,
as compared to when C15 is included in the system. The trends observed at DOR = 1:10 fall
in between the angle distributions presented in Figure 4.8, and are not shown for brevity.
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Figure 4.8 Angle distribution of the surfactant molecules DOSS (top) and Span 80 (bottom)
at the air/seawater interface at 298 K at two DOR values (1:5 and 1:20). All systems contain
40 molecules of C15 or C30 per interface.

Figure 4.9 Definition of the angular parameter α, representing the intramolecular angle
between the two tails in DOSS (left), and between the head group and the tail group in Span
80 (right). Grey = carbon; red = oxygen; yellow = sulfur; hydrogen atoms not shown for
clarity.
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An intramolecular angle α for both DOSS and Span 80 (Figure 4.9) was monitored in our
simulations, to gain insights on the effects of DOR values within the surfactant molecules. In
DOSS, α is the angle formed by the two tails with the vertex given by the carbon atom
connected to the sulfonate group (Figure 4.9); for Span 80, α is the angle formed between the
head group and the tail group (Figure 4.9). A value of cos(α) = -1 indicates that the two tails
of DOSS are fully opened and the Span 80 molecule is fully stretched out (see insets in
Figure 4.10); in contrast, cos(α) = 1 indicates that the two tails of DOSS are parallel, and the
Span 80 molecule is coiled (inset, Figure 4.10). Figure 4.10 depicts the probability
distribution of angle α at two DOR values (1:5 and 1:20), in the presence of either C15 or
C30. Although wide distributions for cos(α) are observed in our simulations, the results
shown in Figure 4.10 suggest that the DOSS molecules predominantly have their two tails
wide open and stretched, whereas Span 80 prefers to mostly adopt a coiled conformation. For
Span 80, changing the DOR from 1:20 to 1:5 cause the distributions of cos(α) to become
flatter; for DOR = 1:5, the angle distributions seem to become slightly flatter when the
n-alkane length decreases from C30 to C15, but at DOR = 1:20, the angle distributions are
not significantly affected by changes in the length of the n-alkanes. The angle distribution in
DOSS seems to be more sensitive to these variables: if the oil phase is pure C15, changing
the DOR from 1:20 to 1:5 causes the distribution to become slightly flatter, but the opposite
trend is observed if the oil phase is pure C30 (i.e., the angle distribution becomes less wide at
DOR = 1:5).
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Figure 4.10 Distribution of the intramolecular angle α of the surfactant molecules DOSS (top)
and Span 80 (bottom) at the air/seawater interface at 298 K at two DOR values (1:5 and 1:20).
All systems contain 40 molecules of C15 or C30 per interface
4.3. Concluding Remarks
We performed experiments using a laboratory scale aerosolization reactor, as well as
molecular simulations, with the objective of determining the individual effects of two of the
main components of Corexit, namely the surfactants DOSS and Span 80, on the
aerosolization

of

oil

spill

matter

to

the

atmosphere.

With

our

combined

experimental-simulation study, we also aimed at fundamentally understanding the properties
of oil alkanes and surfactants at the air/seawater interface. This understanding is relevant to
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the possible transport of oil spill matter into the atmosphere, adsorbed on the surface of sea
sprays and water droplets.
Our potential of mean force (PMF) calculations suggest that the presence of Span 80
makes the air/seawater interface more stable thermodynamically for the adsorption of the
n-alkanes C15 and C30, as compared to the case where DOSS is present or no surfactant is
present in the system. These trends are signaled by the depth of the PMF minimum when the
molecule of interest is at the air/seawater interface, as well as the difference between such
minimum and the PMF value observed when the molecule is in the seawater phase (which
can be seen as a measure of the thermodynamic incentive for a molecule to move from the
seawater phase and into the interface). Therefore, thermodynamics suggest that Span 80
makes these oil hydrocarbons to be more likely to be carried out to the atmosphere adsorbed
at the surface of water droplets, as compared to DOSS or to the situation where no surfactants
are present. These simulation trends are in qualitative agreement with our experimental
results, which indicate that larger amounts of oil hydrocarbons were ejected when Span 80 is
present in the system as compared to when DOSS is added. Our PMF results also indicate
that Span 80 has a larger thermodynamic incentive to move from the seawater phase and into
the air/seawater interface, as compared to DOSS. This observation is in qualitative agreement
with the experimental measurements, which indicate that Span 80 is ejected in larger
quantities than DOSS. Nevertheless, we emphasize that both thermodynamics and transport
processes play roles in the aerosolization of oil spill matter, while our molecular simulations
only probe the thermodynamics in these systems.
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Classical MD simulations of systems containing oil and surfactants at the air/seawater
interface suggest that Span 80 has a slight preference to align parallel to the interfaces with a
coiled conformation at both DOR values. In contrast, DOSS predominantly adopts a
perpendicular orientation with respect to the interface at a dispersant to oil ratio (DOR) of
1:20, but has a slight preference to lie parallel to the interfaces at a DOR = 1:5; in both cases,
DOSS molecules have their tails wide open and stretched.
Finally, the united-atom models used here are computationally less expensive than the
all-atom models used in our previous study,[74] providing us with a convenient set of models
for future research ideas, such as studying the synergistic effects of two or more dispersant
components at air/seawater and oil/seawater interfaces, and the partitioning of dispersant
components in oil/seawater systems.
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CHAPTER 5

CONCLUSIONS AND FUTURE STUDIES

5.1. Conclusions
In Chapter 2, we mainly focused on four GLV molecules, namely 2-methyl-3-buten-2-ol
(MBO), methyl salicylate (MeSA), cis-3-hexen-1-ol (HxO), and cis-3-hexenylacetate (HxAc)
in atmospheric air/water interface using a combination of experiments and molecular
simulations. First, experimental results were used to adjust the atomic charges for our models
to reach a good agreement on the 1-octanol/water partition coefficients and the free energy of
hydration of the GLVs, which ensures the suitability of our molecular models for these
systems. The adjusted model was then used for PMF calculations as well as classical MD
simulations, aiming at provide molecular-level details to complement experimental efforts in
this area.
PMF results indicate that all four GLVs exhibit deep free energy minima at the air/water
interfaces; the stability of the GLV solutes at the air/water interface is mainly driven by
energetic interactions between these solutes and water molecules. Classical MD simulation
results further confirm that the air/water interface is the most likely site for chemical
reactions between GLVs and atmospheric oxidants. Such a finding has important implications
in the kinetics and mechanisms of these reactions, which might be significantly different from
those observed when these reactions take place in gas phase or in the bulk of water phases.
Surface concentrations determined from experimental measurements of the surface tensions
of these systems compare favorably against trends determined from molecular simulations.
In Chapter 3, the interfacial properties of oil n-alkanes [i.e., n-pentadecane (C15), nicosane (C20) and n-triacontane (C30)], along with several surfactant species [i.e, the
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standard anionic surfactant sodium dodecyl sulfate (SDS), and three model dispersants
similar to the Tween and Span species present in Corexit 9500A] at air/salt water interfaces
were investigated. This work was motivated by the 2010 DWH oil spill, where a significant
amount of intermediate- and semi-volatile organic compounds (IVOCs and SVOCs) that
leaked during the accident was able to reach the sea surface, thus entered the atmosphere and
contributed to the formation of organic aerosols. A hypothesis is tested that IVOCs, SVOCs
and dispersants that reached the sea surface did not evaporate but were ejected into the
atmosphere by sea spray phenomenon such as white caps (breaking waves) and bubble
bursting. Along with the accompanying experimental paper[73], we conducted both PMF
calculation and classical MD simulation to provide information at molecular-level as well as
their thermodynamic characteristics at the air/salt water interfaces at 298K. This is the first
study using molecular simulation trying to characterize heavy oil alkanes at the air/seawater
interfaces through thermodynamics.
Our simulation results show that, from the thermodynamic point of view, both the
n-alkanes and the model dispersants have a strong preference to remain at the air/salt water
interface, as indicated by the presence of deep free energy minima at these interfaces. The
free energy minimum of these n-alkanes becomes deeper as their chain length increases, and
as the concentration of surfactant species at the interface increases. The thermodynamic
preferences of these long-chain n-alkanes at the air/salt water interfaces, especially with the
presence of surfactants, make these species very likely to adsorb at the surface of bubbles or
water droplets and be ejected into the atmosphere by sea surface processes such as white caps
and bubble bursting. These simulation results are consistent with experimental findings that
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more oil hydrocarbons are ejected when Corexit 9500A is present. In addition, classical MD
simulation also suggests that the n-alkanes tend to adopt a flat orientation and form dense
aggregates at the bare air/salt water interface. When this interface is coated with surfactants,
the n-alkanes tend to adopt more tilted orientations and penetrate into the surfactant films.
The combined simulation and experimental results testify our hypothesis that aerosolization
via the bursting of whitecap bubbles on the sea surface could be an important transport
mechanism that contributes to the existence of oil spill matters, especially heavy oil alkanes
in the atmosphere near the oil spill site.
With the foundation of our work in Chapter 3, we further explored the individual effects
of major surfactant components of Corexit dispersant on the aerosolization of IVOCs and
SVOCs from oil to the atmosphere using a laboratory aerosolization reactor and classical MD
simulations. United-atom models were constructed and used for representative oil alkanes
n-pentadecane (C15) and n-triacontane (C30) as well as two major Corexit components
dioctyl sodium sulfosuccinate (DOSS) and Span 80.
According to the free energy profiles of n-alkanes using PMF calculation, both C15 and
C30 exhibit deep free energy minima at the air/seawater interfaces. Significantly deeper free
energy minima are observed with the presence of DOSS, and applying Span 80 further
enhanced this trend. These results suggest that IVOCs and SVOCs adsorbed at the surface of
water droplets or bursting bubbles are more likely to be carried into atmosphere when Span
80 is added, as compared to when DOSS is added or when no surfactants present. The
simulation results are consistent with our experimental observations in a bubble-column setup,
where higher oil hydrocarbons ejection rates are determined via bursting bubble processes
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when Span 80 is mixed with oil, than when DOSS is present in the system. Furthermore, our
PMF results also suggest that Span 80 has a larger thermodynamic incentive (as indicated by
the difference between the minimum and the PMF value in the bulk seawater) to move from
the seawater phase and into the air/seawater interface, as compared to DOSS. This
observation is in qualitative agreement with the experimental measurements, which implies
that Span 80 is ejected in larger quantities than DOSS. Structural properties of these oil
spilled matters were also investigated using classical MD simulation, that DOSS
predominantly adopts a perpendicular orientation with respect to the air/seawater interface
with a low dispersant concentration, but has a slight preference to lie parallel to the interface
with a higher dispersant concentration; in both cases, DOSS tends to have their tails wide
open and stretched. In contrast, Span 80 tends to align parallel to the interface with a coiled
conformation despite of the concentration changes.
5.2. Future Studies
In Chapter 3 and 4 we focused on the properties of molecules of oil alkanes and Corexit
surfactants at air/seawater interfaces. However, during a deep water oil spill, oil-dispersant
complexes typically form and start to partition into the bulk seawater before rising to the sea
surface. In addition, by dispersing free phase oil (fresh and weathered) into the water column,
dispersants re-enter the bulk seawater in the presence of sufficient mixing energy.[157] There
is a lack of fundamental studies of the synergistic interactions between Corexit dispersants
and weathered oil,[50] possibly because the Corexit dispersants have very complex
formulations.
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In Chapter 4, we took advantage of united atom models to study the individual effects of
two major Corexit components, namely DOSS and Span 80. However, Corexit contains a
mixture of nonionic (e.g. Span 80, Tween 80 and Tween 85) and anionic (e.g. DOSS)
surfactants, as well as solvents (e.g. polyethylene glycol, butoxypolypropylene glycol and
hydrotreated oil etc.). Solvents are added to reduce the viscosity of the final dispersant
mixture, thus facilitating its penetration and mixing into the oil slick.[49, 158] Therefore, we
would like to extend our study to fundamentally understand the synergistic effects of the
different components of Corexit dispersants.

Figure 5.1 Molecular structure of dipropyl glycol butyl ether (i.e. DPGE)
In preliminary simulations, we have used united atom models (similar to those used in
Chapter 4 for DOSS and Span 80) to model the Corexit solvent dipropyl glycol butyl ether
(i.e. DPGE, Figure 5.1). We considered four sets of systems that contain no Corexit
molecules, DOSS only, DOSS and Span 80 mixture, and DOSS, Span 80 and DPGE mixture
in a 12×12×12 nm salt water box, with 718 C15 or C30 molecules respectively (see Figure
5.2). These molecule numbers ensure a DOR* of 1:20, with a wt% similar to the Corexit
formulation mentioned in Section 1.2.[49, 50] Classical MD simulations of at least 100 ns
were performed, to try to guarantee the systems reach equilibrium. We are studying several

*

DOR: Dispersant to oil ratio
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Figure 5.2 System illustrations for (a) oil (black) only, (b) oil and DOSS (green), (c) oil,
DOSS and Span 80 (red), and (d) oil, DOSS, Span 80 and DPGE (yellow). Blue lines indicate
simulation box boundary. Each system contains 718 oil alkane molecules (C15 as shown).
Seawater is not shown for clarity.
molecular level properties from these proposed MD simulation, including spatial distribution
functions of water (or oil) with respect to the hydrophilic (or hydrophobic) components of the
dispersant; surface tension in the oil droplets; number of oil droplets formed; and radius of
gyration of the formed structures. These simulations are still in progress.
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APPENDIX B SUPPORTING INFORMATION (CHAPTER 2)
Table B.1 Atomic charges in cis-3-hexen-1-ol (HxO). See Figure B.1 for nomenclature of
atoms in a molecule of HxO. Representative Gromacs files (input, topology and coordinate)
are available upon request.

Name
C1
H2
H3
H4
C5
H6
H7
C8
H9
C10
H11
C12
H13
H14
C15
H16
H17
O18
H19

Original charges
-0.18
0.06
0.06
0.06
-0.12
0.06
0.06
-0.115
0.115
-0.115
0.115
-0.12
0.06
0.06
0.145
0.06
0.06
-0.683
0.418

Figure B.1 Nomenclature of atoms in a HxO molecule
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New charges
-0.198
0.066
0.066
0.066
-0.132
0.066
0.066
-0.127
0.127
-0.127
0.127
-0.132
0.066
0.066
0.16
0.066
0.066
-0.752
0.46

Table B.2 Atomic charges in cis-3-hexenylacetate (HxAc). See Figure B.2 for nomenclature
of atoms in a molecule of HxO. Representative Gromacs files (input, topology and coordinate)
are available upon request.
Name
C1
H2
H3
H4
C5
H6
H7
C8
H9
C10
H11
C12
H13
H14
C15
H16
H17
O18
C19
O20
C21
H22
H23
H24

Original charges
-0.18
0.06
0.06
0.06
-0.12
0.06
0.06
-0.115
0.115
-0.115
0.115
-0.12
0.06
0.06
0.190
0.03
0.03
-0.33
0.51
-0.43
-0.18
0.06
0.06
0.06

Figure B.2 Nomenclature of atoms in a HxAc molecule
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New charges
-0.198
0.066
0.066
0.066
-0.132
0.066
0.066
-0.126
0.126
-0.126
0.126
-0.132
0.066
0.066
0.209
0.033
0.033
-0.363
0.561
-0.473
-0.198
0.066
0.066
0.066

APPENDIX C SUPPORTING INFORMATION (CHAPTER 4)
C.1. Experimental determination of ejection rates of the Corexit surfactants DOSS and
Span 80
Chemicals and Standards. Standards of solid (98.1% purity) bis-(2-ethylhexyl) sodium
sulfosuccinate (DOSS) and Span 80 were obtained from Sigma Aldrich (Saint Louis, MO). A
standard of

13

C4–DOSS was provided by Ed Furlong and James Gray of the United States

Geological Survey National Water Quality Laboratory (Denver, CO) that had been
synthesized by Cambridge Isotope Laboratories, Inc (Andover, MA). MS-grade methanol and
isopropanol were purchased from Fisher Scientific (Pittsburg, PA). Laboratory 18-MΩ,
deionized (DI) water was obtained by an in-house Millipore Synergy unit with an LC-Pak
polisher (EMD Millipore Corp, Billerica, MA). High purity ammonium acetate was
purchased from Sigma Aldrich. All glassware was baked at 400 oC for 12 h prior to use.
Sample Dilution and Liquid Chromatography. Samples were stored at -20 C until analysis.
Samples were diluted 0 to 100 fold and chromatographic separation of the surfactant
components of Corexit was performed on an Agilent 1100 (Agilent Technologies, Inc., Santa
Clara, CA) as described by Place et al.,[59] with minor modification. Briefly, the post purge
guard column was replaced with an Agilent Proshell 120 EC-C18 or an EC-C8 guard column
(4.6 mm ID_5 mm length_2.7um particle size) to accommodate higher backpressure. The
analytical column was replaced with a 30 mm Agilent XDB C8 or C18 analytical column to
accommodate faster run times (4.6 mm ID_20 mm _ 3.5-mm particle size; Agilent, Santa
Clara, CA).

A C18 system was used for the analysis of DOSS and C8 system was used for

the analysis of the nonionic surfactants. Mobile phase A consisted of 0.5 mM NH4OAc in
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water and mobile phase B was 100 percent acetonitrile. The initial mobile phase condition
was 97.5 percent ammonium acetate in water at a flow rate of 1.0 mL min-1. The initial
condition was held for 5.6 minutes to flush the non-volatile salts to waste. By 6.1 min the
percent acetonitrile was increased to 50 percent. The percent acetonitrile was further
increased to 66 and 97.5 percent by 9.6 and 10.1 minutes respectively, prior to returning to
the 2.5 percent by 13.6 minutes. This initial condition was then held for an additional 7.4
minutes for a total run time of 20 minutes.

The timing of the main-pass by-pass valve

switching and divert valve switching, as described by Place et al.,[59] was adjusted to reflect
changes in the flow rate and gradient. Also, during the analysis of the nonionic surfactants,
the mobile phase was directed through an Agilent thermostatted column compartment
(G1316A) and heated to 40 °C.
Tandem Mass Spectrometry (MS/MS). Tandem quadrupole mass spectrometric detection
was performed using a Waters Micromass Quattro mass spectrometer or a Waters Aquity
Tandem Quadrupole mass spectrometer (Framingham, MA) as described by Place et al.,[59]
with minor modification to the mass spectrometric acquisition of Span 80. Span 80 was
detected using Multiple reaction monitoring (MRM) in positive ionization mode. The
sodiated species of the molecular ion of Span 80 was monitored using a single transition (m/z
455 455). A fragment ion could not be found in high abundance for Span 80. Fragmentation
was not perused because sodium-adducted compounds have been reported to yield low
abundance fragment ions.[159, 160] A separate analysis was performed for Span 80 in which
only Span 80 was detected at the detector, which increased the total scan time for Span 80,
increasing sensitivity. DOSS and the 13C4 DOSS internal standard were detected by MRM in
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negative ionization mode. The molecular ion to sulfonate ion transition (m/z 421 81) was
used to quantify DOSS and a second transition (m/z 421 227) was used to confirm DOSS. A
single transition was used to quantify the 13C4-DOSS internal standard (m/z 425 81).
Calibration and Quality Control. Calibration curves consisted of at least 5 standards and
required a correlation coefficient of 0.99 or greater to be used for quantification. All
calibration curves were 1/× weighted, and standards whose calculated concentrations were
beyond 20% of the intended concentration were removed from the calibration curve
calculation. Calibration curves spanned from the lower limit of quantification to the upper
limit of quantification: for DOSS (0.2-25 µg L-1) and Span80 (60-300 µg L-1). Each
calibration standard was made in a mixture of Instant Ocean salt mix (IO) and isopropanol
(IPA) (approximately 35 ppt salinity; 75 percent IO-25 percent IPA) and spiked to give a final
concentration of 500 ng L-1

13

C4–DOSS. Blank and check standards[59][59][59][59][59]11111

were used for quality control purposes. Blanks consisted IO-IPA solutions. Check standards
consisted IO-IPA spike with 500 ng L-1 DOSS and 80000 ng L-1 of Span 80. Blank and
check standards were run every eight samples.

Blanks were required to yield analyte signals

below the limit of detection (LOD). Check standards for DOSS were required to yield a
calculated concentration within 20% of the spiked concentration and Span 80 were required
to yield a calculated concentration within 35% of the spiked concentration in order for the
aerosol sample data to be considered quantitative.
Calculation of Ejection Rates for DOSS and Span 80. The mean ejection rate of DOSS
was calculated by pooling the ejection rates obtained from experiments conducted using
Nozzle sampling (n = 3) and experiments collected using ESP (n = 2) collection mechanisms.
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The mean ejection rate of Span 80 was calculated by pooling the ejection rates obtained from
experiments conducted using Nozzle sampling (n = 2) and experiments collected using ESP
(n = 2) collection mechanisms. The pooling of the DOSS and Span 80 data is justified
because neither DOSS nor Span 80 is expected in the vapor phase. Nozzle sampling collects
both particulate and vapor phase materials while ESP collects only particle materials.
Additionally, the reproducibility of ejection rates for DOSS and Span 80 regardless of
sampling mechanism provides additional confidence in the reasonableness of this
assumption.

Figure C.1 Nomenclature of atoms in a Span 80 molecule
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Table C.1 Atomic charges in Span 80. See Figure C.1 for nomenclature of atoms in a
molecule of Span 80. Representative Gromacs files (input, topology and coordinate) are
available upon request.
Name
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16
C17
C18
O19
O20
C21
C22
O23
H24
C25
O26
C27
C28
O29
H30
C31
O32
H33

Atomic charges
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.400
-0.400
-0.250
0.250
0.608
-0.836
0.475
-0.010
-0.441
0.139
0.313
-0.680
0.418
0.247
-0.641
0.408
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Figure C.2 Snapshots illustrate the prolonged interaction (orange highlighted) between
C15/C30 and DOSS/Span 80 during PMF calculation using constraint force method. The
snapshots shown here are taken when DOSS (green beads, top row) was constraint at a depth
of 1.4 nm below seawater surface, and Span 80 (red beads, bottom row) was constraint at a
depth of 1.8 nm below seawater surface. Pictures from left to right are systems without
n-alkanes, with 16 C15 molecules, and with 16 C30 molecules respectively. Trajectory files
are available upon request.
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